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The role of nucleotide excision repair (NER) in the maintenance of DNA 
integrity under oxidative assault has yet to be elucidated.  A defective NER can 
result in Xeroderma Pigmentosa (XP) or Cockayne Syndrome (CS), both autosomal 
recessive diseases, presenting with increased cancer risk and segmental progeria.  
Although the NER is characterized to be involved in repairing UV-induced damage, it 
is difficult to attribute all the symptoms of XP and CS to UV-damage.  Oxidative 
stress is thus likely to be an important factor.  Other DNA repair proteins including a 
component of the NER pathway, XPF, have been reported to be involved in 
telomere dynamics.  As the importance of the NER pathway in removing oxidative 
stress-induced DNA lesions is still unclear, we sought to understand the role of NER 
in oxidative stress-induced damage protection and telomere-mediated chromosome 
integrity.  In our study, we utilized primary cells derived from patients suffering from 
XP (XP-A and XP-D) and CS Type II (CS-B), as well as transformed lymphoblastoid 
cells from XP-A and XP-D patients. 
  
The XPA protein verifies DNA damage sites, an event integral for the 
recruitment of downstream factors such as XPD which is a helicase domain-
containing protein involved in both the NER and basal transcription.  CSB, which 
displaces stalled RNA polymerase II, is involved in restoring UV-inhibited 
transcription and basal transcription.  Dysfunction of any of these proteins impedes 
the progression of the NER.   
 
Following induction of oxidative stress by either sodium arsenite (NaAsO2) or 
hydrogen peroxide (H2O2), we performed assays related to survival, genome stability 
and growth kinetics.  NER-deficient primary fibroblasts retained higher viability but 
displayed cell cycle dysfunction and increased DNA damage following exposure to 
 ix
H2O2.  Single cell gel electrophoresis assay showed that both fibroblasts and 
lymphoblastoids deficient in NER were more susceptible to H2O2-induced DNA 
damage and retained more damage following recovery.  Cells lacking functional 
NER also displayed an increased number of chromosomal aberrations.  Mutant 
fibroblasts displayed decreased population doubling rate, increased telomere 
attrition rate and early emergence of senescent characteristics under chronic 
exposure to low level oxidative stress.  Our results show that NER dysfunction 
increases mutagenesis rate following oxidative stress, suggesting that oxidative 
stress is a major contributor to the manifestations of XP and CS phenotype;  XP and 
CS symptoms cannot be explained simply by the inability to completely remove UV-
induced DNA damage.  A dysfunctional NER increases tolerance to oxidative stress 
while increasing the susceptibility to DNA damage, contributing to cancer risk and 
premature ageing characteristics in XP and CS patients.  Our findings have 
implications in the mechanisms of DNA repair in oxidative stress, mutagenesis, 
carcinogenesis and ageing. 
 x
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The nucleotide excision repair (NER) pathway is characterized by the removal 
of UV-induced bulky DNA helix-distorting adducts.  Thus, defects in the pathway 
result in segmental progeroid syndromes such as Xeroderma Pigmentosum (XP) and 
Cockayne Syndrome (CS) which present with hypersensitivity to sunlight (Bootsma et 
al., 2002).  However, other symptoms such as neurodegeneration, developmental 
defects and increased incidences of internal cancers cannot be attributed to UV-
damage.  A prudent exegesis is that oxidative stress is implicated in the progression 
of these symptoms (Reardon et al., 1997; Kyng et al., 2003; Kraemer et al., 2007; 
Hanawalt and Spivak, 2008).  Consistent with this, the NER pathway has been found 
to play a role in alleviating oxidative damage (Satoh et al., 1993; Satoh and Lindahl, 
1994; Friedberg et al., 1995; Kuraoka et al., 2000; Brooks et al., 2000; Rybanska and 
Pirsel, 2003; Sugasawa, 2008) although this role and its mechanisms are yet to be 
fully explored. 
 
Oxidative damage has been shown to accelerate telomere attrition.  Both 
oxidative stress and telomere attrition are thought to contribute to ageing and cancer.  
Numerous DNA damage-repair factors have been found to associate with telomeres 
and to be involved in telomere dynamics and maintenance.  In addition, these same 
repair factors have been implicated in human progeroid phenotypes, indicating a dual 
role of repair factors in genome and telomere maintenance to regulate ageing 
homeostasis.  An example of these factors include the helicase domain-containing 
repair factors Werner (WRN) (Crabbe et al., 2004; Lee et al., 2005) and Bloom (BLM) 
which have been demonstrated to interact with proteins of the telomeric complex 
(Opresko et al., 2002; Du et al., 2004; Opresko et al., 2005).  Into the bargain of 
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telomere dynamics involvement also is the NER factor XPF, a 5’ endonuclease, 
found to associate with the telomere repeat binding factor-2 (TRF2) complex.  XPF 
has been found to mediate telomere shortening by removing the telomeric 3’ 
overhang resulting in erroneous non-homologous end joining (NHEJ) between 
chromosomes when the levels of TRF2 are deregulated (Zhu et al., 2003; Munoz et 
al., 2005).  XPF is also suggested to protect against telomeric double minutes, a 
product of recombination between telomeres and chromosome-internal telomere-like 
sequences (Zhu et al., 2003). 
 
In the light that the NER is thought to be involved in oxidative stress 
management at the genome and at the telomeres, we sought to investigate the role 
of other NER components in oxidative stress-response and telomere-mediated 
chromosome integrity.  In this work, three components were selected, the XP 
proteins XPA and XPD, and the CSB protein.  XPA is a 31 kDa protein that verifies 
NER lesions through site-directed binding of rigidly kinked double-stranded DNA, 
prevents excessive DNA-unwinding to stabilize the open helix, and orchestrates 
subsequent proper assembly and orientation of repair molecules for damage incision 
and repair synthesis.  XPD/ERCC2 (excision repair cross-complementing rodent 
repair deficiency, complementation group 2) is an 87 kDa ATP-dependent 5’Æ3’ 
directed helicase that plays an architectural role in the general transcription factor 
TFIIH, which is involved in both basal transcription as well as the NER.  Another 
helicase domain-containing protein, CSB /ERCC6, 168 kDa in stature, displaces 
blocked RNA polymerase II, and is involved in restoring UV-inhibited transcription as 
well as basal transcription. 
 
In the course of this thesis, the implications of oxidative lesions on the 
deficiency of DNA damage-repair factors such as those of the NER pathway will be 
addressed.  The findings of this work corroborate previous reports that the NER 
protects against oxidative assault on the genome, and expands its function to 
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protection of the telomeres.  In addition, this work alludes to oxidative stress as a 
chief culprit in the progression and manifestations of the clinical presentations of XP 
and CS, especially those progeroid symptoms that cannot be explained by UV-
exposure.  Importantly, this study will provide additional insight into the mechanisms 
of DNA damage-repair and its role in oxidative stress and telomere maintenance, 
mutagenesis and age-related morbidity.  
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1.2 Literature Review 
1.2.1 DNA Damage and Repair:  linking ageing, cancer and 
developmental defects 
Sources of DNA damage are categorized mainly into two groups: 
endogenous and exogenous (Ishikawa et al., 2006).  Endogenously damaged DNA is 
incurred either spontaneously or by reactive oxygen species (ROS) produced during 
normal metabolic processes such as oxidative respiration.  Spontaneous damage 
may result from the intrinsic instability of chemical bonds or hydrolysis, oxidation or 
methylation of nucleotide residues especially during normal cellular processes such 
as DNA replication, repair and gene arrangement.  Examples of exogenous sources 
of DNA damage are chemical mutagens such as inorganic arsenic, or numerous 
forms of radiations such as sunlight (Ultraviolet (UV)-A, UV-B) and ionizing radiation 
which can also produce free radicals (de Boer and Hoeijmakers, 2000; Hoeijmakers, 
2001; Sancar et al., 2004). 
 
With the sources of DNA damage impossible to avoid, it is inevitable that the 
intrinsic structure and composition of our DNA, which carries our genetic blueprint, is 
jeopardized constantly.  Deleterious alterations in DNA configurations by genotoxic 
agents can manifest as single or double strand breaks, unstable hydrogen bonds 
between complementary strands, base-modifications, simple base deletions, 
insertions or point mutations, inter- and intra-strand crosslinks or adducts between 
adjacent bases (Sancar et al., 2004) - all of which distort the DNA helix and interfere 
with vital cellular processes such as DNA replication and transcription necessary for 
cell survival, organismal reproduction and development as well as tissue renewal and 
function.  As such, changes to the integrity of DNA has been closely linked with 
developmental defects, ageing (Finkel and Holbrook, 2000; Schumacher et al., 
2008), genetic diseases such as familial diseases (Schumacher et al., 2008) and 
cancer (Hoeijmakers, 2001; Matés et al., 2008; Toyokuni, 2008). 
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Underlying the phenotypic effects of DNA damage and lack of proper repair 
mechanisms are the molecular and cellular consequences of DNA damage.  If the 
damage load on DNA is too high, a cell may altruistically choose to be eliminated by 
apoptosis to avoid transformation.  On the other hand, a cell may halt the cell cycle to 
employ DNA repair mechanisms to reverse or at the very least limit the damage done 
(Ishikawa et al., 2006; Gasser and Raulet, 2006).  If repair is unsuccessful and the 
cell survives, the cell will enter a state of senescence where it permanently arrests 
while being metabolically functional.  However, if the requisite repair mechanisms or 
apoptotic pathways are lacking, a cell may accumulate mutations and potentially 
transform to malignancy (Ishikawa et al., 2006). 
 
Just as there is a plethora of genotoxic agents that cause diverse types of 
DNA damages, different repair mechanisms have evolved to deal with most (but not 
all) DNA damages specifically.  DNA damage-repair is categorized into five major 
pathways - direct damage reversal, base excision repair (BER), NER, mismatch 
repair, and double strand break repair - that target specific lesions with some overlap 
(reviewed in Gillet and Scharer, 2006).  
 
1.2.2 Role of Reactive Oxygen Species in DNA damage 
Products or byproducts of normal cellular metabolism such as oxidative 
respiration and lipid peroxidation produce ROS.  Exposure to exogenous factors like 
UV, sodium arsenite (NaAsO2) and other oxidising agents lead to the production of 
ROS.  ROS include a variety of diverse chemical species, which include superoxide 
anions, hydroxyl radicals (·OH) and hydrogen peroxide (H2O2). 
 
While ROS are bona fide intracellular secondary messengers under 
physiological conditions in signalling pathways including cell death, immune 
responses and response to growth factors (Lander, 1997), they are a significant 
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source of oxidative damage to cellular components such as proteins (Stadtman, 
2006), lipids (Sies and de Groot, 1992), as well as mitochondrial and nuclear DNA 
(Beckman and Ames, 1998; Finkel and Holbrook, 2000; Benz and Yau, 2008).  As 
such the balance of intracellular levels of ROS is critical: too low a level disrupts 
physiological processes, while too high a level results in increased cellular injuries 
which lead to detrimental effects (Finkel and Holbrook, 2000; Matés et al., 2008). 
 
Oxidative stress-induced cellular damage can result in decreased efficiency of 
DNA replication, transcription and DNA repair (Matés and Sánchez-Jiménez, 1999).  
Oxidatively assaulted DNA can also lead to arrest of the cell cycle to allow time for 
repair.  However, not all oxidative damage to DNA can be rectified efficiently leading 
to lesion accumulation and cell function deterioration over time.  Numerous studies 
have suggested that the accumulation of unrepaired oxidative lesions induces p53 
accumulation which in turn results in gene expression changes that lead to either cell 
cycle arrest and repair, or a positive feedback loop that increases ROS levels thereby 
promoting apoptosis (Johnson et al., 1996; Polyak et al., 1997). 
 
Unrepaired oxidative lesions have also been found to alter mitogenic 
dynamics as a stress response and/or to accelerate telomere shortening (see 
sections 1.2.6.1.5 and 1.2.6.1.3), leading to stress-induced premature senescence 
(SIPS) and possibly ageing and cancer (Harman, 1956; Chen et al., 2001; von 
Zglinicki, 2002; Rybanska and Pirsel, 2003).  In contrast, antioxidant enzymes and 
antioxidants have been found to retard telomere attrition (Kashino et al., 2003; Serra 
et al., 2003), while cells gained an extension in lifespan when grown in low oxygen 
(Packer and Fuehr, 1977).  ROS can also contribute to SIPS independent of the 
telomeres via stochastic damage at sites other than the telomeres.  In addition, the 
deregulation of cell cycle and mitogenic genes can mediate telomere-independent 
SIPS through ROS.  In support of this, over expression of the protocogene Ras 
resulted in senescent-like growth arrest in human fibroblasts (Serrano et al., 1997) 
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and increase in oxidant levels (Lee et al., 1999).  However, this arrest could be 
reversed by reducing ambient oxygen or treatment with antioxidants. 
 
1.2.2.1 Arsenite and Oxidative Stress 
Arsenate has been used in agriculture as pesticides and fungicides for many 
decades.  Biotransformation of residual arsenate leads to production of arsenite 
which leaks into and pollutes water supplies (Bednar et al., 2002).  Arsenite 
contamination is rampant in Bangladesh, India, Japan, the USA and many other 
areas in the world.  Drinking arsenite-contaminated water has been associated with 
increased incidence of skin, lung, and bladder cancer (Rossman et al., 2001; 
Rossman et al., 2002). 
 
Being a known carcinogen and clastogen, arsenite exerts its deleterious 
consequences on the genome through a myriad of ways.  However, the exact 
mechanism of arsenite mutagenicity is poorly understood and the lack of animal 
models that show consistent correlation between consuming arsenite and cancer 
development contributes to this gap in knowledge (Rossman et al., 2002).  
Nonetheless, in vitro studies have strongly suggested that low non-mutagenic 
arsenite doses enhance mutagenicity of other agents by disrupting p53 function, up-
regulating cyclin D1 and hampering repair pathways including the NER thereby 
predisposing transformation (Rossman et al., 2001; Mei et al., 2002; Danaee et al., 
2004).  Moreover, like some metal salts, arsenite can lead to the generation of ROS 
(Dizdaroglu, 1992; Hei et al., 1998; Kessel et al., 2002; Mei et al., 2002).  Consistent 
with this, arsenite has been shown to induce mutagenicity through the increase in 
superoxide driven-·OH in human-hamster hybrid cells (Liu et al., 2001) while 
antioxidant enzymes and oxygen radical scavenger dimethyl sulfoxide (DMSO) 
decreased its mutagenicity (Hei et al., 1998; Liu et al., 2001; Kessel et al., 2002). 
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Arsenite has also been implicated in the induction of cell cycle arrest (States 
et al., 2002), ataxia telangiectasia mutated (ATM)-dependent p53 accumulation (Yih 
and Lee, 2000) and apoptosis via ROS production and caspase 3 activation (Wang 
et al., 1996a; Chen et al., 1998).  In addition, arsenite-induced ROS results in 
telomere erosion and chromosomal aberrations in mouse embryos (Liu et al., 2003). 
 
1.2.2.2 Hydrogen Peroxide and Oxidative Stress 
H2O2 is an ROS generated endogenously during intracellular processes 
particularly oxidative respiration in the mitochondria.  It is also generated upon 
exposure to a wide variety of exogenous factors such as lead compounds.  Although 
H2O2 is important for physiological processes such as biosynthesis of the thyroid 
hormone and the ability to mount immune responses (Shackelford et al., 2000), it 
does exert oxidative stress on cellular components. 
 
H2O2 is relatively stable by itself but it is catalyzed by Fe2+ to yield the more 
reactive ·OH and Fe3+ via the Fenton reaction (Shackelford et al., 2000).  Incidentally, 
trace amounts of transition metals such as iron (Fe) are associated with DNA 
(Blakely et al., 1990) in the nucleus (Imlay et al., 1988; Halliwell and Gutteridge, 
1992).  Fe3+ can in turn produce more ·OH via the Haber-Weiss reaction between 
superoxide and H2O2.  ·OH is extremely reactive and causes more than 100 different 
types of DNA modifications (Michalik et al., 1995).  In addition, it has also been 
shown to activate K-ras, thus promoting transformation (Jackson, 1994) or cellular 
senescence. 
 
Exposure to H2O2 causes a host of other deleterious cellular consequences.  
Cells treated with cytotoxic concentrations of H2O2 undergo apoptosis through the 
formation of ATP-dependent apoptosomes (Saito et al., 2006).  Sub-lethal 
concentrations of H2O2, however, induce senescent-like growth arrest in human 
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fibroblasts independent of telomere function and length, which differs from 
physiological cellular senescence (Chen and Ames, 1994; Dimri et al., 1995; Frippiat 
et al., 2002; de Magalhães et al., 2004).  Recent studies found that chronic exposure 
to low dose H2O2 used to mimic in vivo oxidative stress under pathophysiological 
conditions resulted in not only irreversible expressions of cellular senescence 
markers, cell cycle arrest and senescent-like morphology but also DNA damage 
accumulation, decline of repair capacity and enhanced telomere erosion (Duan et al., 
2005).  In addition, the Fenton reaction has been shown to preferentially induce 
telomere breaks (Henle et al., 1999). 
 
 
1.2.3 Role of NER in maintaining genome stability 
Highly conserved and versatile, the NER is specific for diverse lesions that 
result in helix distortions affecting one of the DNA strands. These lesions include 
bulky DNA adducts such as UV-induced pyrimidine (6-4)-pyrimidone lesions (6-4 
pps), cyclobutane-pyrimidine dimers (CPDs) and other photoproducts, in addition to 
DNA intra-strand crosslinks and strand breaks induced by environmental mutagenic 
chemicals or chemotherapeutic cytotoxic drugs as well as endogenous factors (de 
Boer and Hoeijmakers, 2000; Gillet and Scharer, 2006). 
 
Although still poorly understood, the NER has been shown to be involved in 
the removal of certain types of oxidative damage (Satoh et al., 1993; Satoh and 
Lindahl, 1994; Friedberg et al., 1995; Rybanska and Pirsel, 2003).  Thus, the NER 
confers, to a certain degree, protection against ROS produced endogenously or 
through the exposure to genotoxins like UV or arsenite.  Several NER factors have 
been found to stimulate DNA glycosylases which initiate the BER, the characterized 
repair pathway for oxidative lesions (Sugasawa, 2008).  In addition, the NER but not 
the BER was found to specifically remove the oxidative lesion  8, 5’-cyclopurine 2’-
 10
deoxynucleoside (Kuraoka et al., 2000; Brooks et al., 2000).  Impaired oxidative 
stress repair and post-oxidative stress transcription have been associated with 
symptoms such as cancer, impaired development and neurodegeneration in NER-
deficient patients (Reardon et al., 1997; Kyng et al., 2003; Kraemer et al., 2007; 
Hanawalt and Spivak, 2008).  Thus the progression of NER-deficient syndromes may 
be exacerbated by oxidative stress. 
 
 
1.2.4 The eukaryotic NER mechanism 
Key events in the NER pathway involve the identification of the DNA damage 
and unwinding of the double helix around the damage site to allow for single strand-
incision at both the 3’ and 5’ ends of the lesion by endonucleases that hydrolyse the 
phosphodiester bonds, followed by the excision of the single-stranded 
oligonucleotide ~24-32 bases long bearing the damage, and finally repair synthesis 
by DNA polymerase utilizing the 3’-OH generated from the hydrolysis of the cut 
strand as a primer and the non-damaged strand as a template and ligation to restore 
the strand to its original state (separately reviewed in de Boer and Hoeijmakers, 
2000; Hoeijmakers, 2001; Gillet and Scharer, 2006).  A model for this repair 
mechanism is shown in Figure 1 (taken from Hoeijmakers, 2001) and will be 
furnished with details and some more recent findings below. 
 
The proteins involved and the way they interact to remove damaged DNA are 
highly conserved in yeast and higher eukaryotes but are unique from that of the 
parallel pathway in prokaryotes (Friedberg et al., 1995).  However, it is still unclear 
whether the NER machinery is assembled sequentially on demand or as a 
preassembled holo-complex although increasing evidence points to the former 
proposition.  Convincing evidence was provided by the observation of intermediate 
“preincision” complexes bound to damaged DNA, the observation that individually 
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purified factors can reconstitute the NER reaction (Guzder et al., 1996; Mu et al., 
1997; Wakasugi and Sancar, 1999) and the observations of fluorescent-tagged NER 
proteins XPA (Rademakers et al., 2003), XPB (Hoogstraten et al., 2002) and XPF 
(Houtsmuller et al., 1999) diffusing through the nuclei of non-irradiated cells and 
transiently immobilizing at the site of damage to perform their repair reaction upon 
UV irradiation.  The recruitment of factors to the assembly complex depends on 
geometrical constraints of multiple protein-protein and protein-DNA interactions that 
are relatively weak and transient to ensure smooth and rapid assembly and 
disassembly of reaction intermediates (Stauffer and Chazin, 2004).   Also, the 
reaction may be aborted at any stage to ensure that non-damaged DNA is not 
erroneously incised (Hoeijmakers, 2001).  
 
The mammalian NER is a highly organized process that engages a multiplex 
of at least 30 proteins, including 7 of the 8 Xeroderma Pigmentosum proteins (XPA-
XPG) and Cockayne Syndrome proteins (CSA and CSB) in a specific temporal 
manner with partial time overlap (de Boer and Hoeijmakers, 2000; Hoeijmakers, 
2001; Gillet and Scharer, 2006).   This dual-incision repair mechanism exists in two 
distinct subpathways that differ in the initial damage-detection steps at repair 
initiation – the global genome-NER (GG-NER) and the transcription coupled repair 
(TCR).  Depending on the site of damage, one of the two subpathways will be 
implemented. The GG-NER surveys the entire genome for strand-distorting lesions 
and is responsible for non-transcribed regions to non-transcribed strands of coding 
regions.  These lesions are recognized by the heterotermeric complex 
XPC/hHR23B/centrin 2 (Araki et al., 2001) (Figure 1, stage I), which is necessary but 
not sufficient for the progression of repair.  The TCR ensures efficient repair of DNA 
lesions that hinder RNA polymerase II transcription elongation located on the 
template strand of actively transcribed genes.  This sub-pathway serves as the more 
rapid and proficient pathway to allow RNA synthesis to be promptly resumed.  
 12
Proteins engaged in the initial stages of TCR include CSA, CSB and the XPA-binding 
protein 2 (XAB2) (Nakatsu et al., 2000).  These proteins displace RNA polymerase II 
and recruit the key players for subsequent steps likening a change in role from janitor 
to operations manager (Figure 1, stage I). 
 
Following damage detection, the subsequent processes in both the sub-
pathways may be identical.  The detected lesion must be verified and marked for 
repair.  The ten-subunit basal transcription factor TFIIH, consisting of the 3’ Æ 5’ XPB 
and 5’ Æ 3’ XPD helicases (Drapkin et al., 1994), is recruited in an ATP-dependent 
manner.  TFIIH opens the DNA helix of ~ 30 base pairs around the lesion in an ATP-
dependent manner, possibly in the presence of the 3’ endonuclease XPG (Figure 1, 
stage II).  When one of its subunits (possibly XPD) comes across a chemical 
modification, TFIIH immobilizes at the site of the lesion, providing the signal for 
further assembly of subsequent NER preincision factors, XPA and its binding partner 
replication protein A (RPA) (Figure 1, stage III).  If TFIIH does not encounter a lesion, 
it does not stall and the pathway is abolished. 
 
Upon recruitment of XPA/RPA/XPG, which may occur independently of each 
other, XPC-HR23B is expelled and a relatively stable preincision complex is formed.  
The DNA binding domain of XPA has affinity for double strand-single strand junctions 
which allows for DNA damage verification.  Through site-directed binding of rigidly 
kinked double-stranded DNA, XPA/RPA recognizes the abnormal DNA backbone 
structure and performs an architectural role by preventing excessive DNA-unwinding 
to stabilize the open helix and orchestrate subsequent proper assembly and 
orientation of repair molecules (Wood, 1997; Kobayashi et al., 1998; Missura et al., 
2001) (Figure 1, stage III).  At this point, XPG plays a structural role to support the 
stabilization of the open helix (Hohl et al., 2003). 
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XPA is also needed for damage incision and repair synthesis (Wakasugi and 
Sancar, 1998; Riedl et al., 2003).  RPA and XPA are required to recruit and position 
properly the structure-specific DNA nucleases (Wood, 1997), XPG and the 
ERCC1/XPF complex, that cleave the 3’ and 5’ ends of the lesion respectively 
(Figure 1, stage III and IV), releasing an oligonucleotide between 24-32 nucleotides 
in length carrying the lesion. The gap is filled by DNA polymerase using the 
undamaged strand as a template, and finally ligated (Figure 1, stage V) to restore the 





1.2.5 Syndromes associated with NER defects 
As each and every protein involved in the NER plays a distinct role, a loss of 
function in any one of these factors abates the pathway and can lead to detrimental 
effects on the genome.  A dysfunctional NER renders DNA vulnerable to irreversible 
damage and can result in three rare autosomal recessive congenital DNA repair 
disorders that are clinically distinct: XP, CS or the photo-sensitive form of the brittle 
hair disorder, trichothiodystrophy (TTD), all of which are characteristically 
hypersensitive to UV-sunlight (de Boer and Hoeijmakers, 2000; Hoeijmakers, 2001; 
Gillet and Scharer, 2006).  In the relevance of this thesis, we will only discuss XP and 
CS in more detail. 
 
Cell-fusion experiments have identified eight complementation groups of XP 
(XP-A to G and the variant form XPV), two of CS (CSA and CSB) and three of TTD 
(XPB, XPD and TTD-A).  Three of combined XP and CS (XPB/CS, XPD/CS, and 
XPG/CS) have also been identified (de Boer and Hoeijmakers, 2000; Gillet and 
Scharer, 2006).  It is important to note that different mutations in XPB and XPD are 
associated with a specific clinical outcome: XP, XP/CS or TTD (Schumacher et al., 
2008). 
 
1.2.5.1 XPA, XPD and Xeroderma Pigmentosum 
Coined by Moris Kaposi to describe his patient in 1874 (Hebra and Kaposi, 
1874), Xeroderma (parchment skin) Pigmentosum (freckles) (XP) is an extremely 
rare autosomal recessive congenital DNA repair disorder presenting with 
heterogeneous segmental progeria and oncogenic phenotypes, occurring at a 
frequency of 1 in 250,000 in the United States and Europe, and 1 in 40,000 in Japan 
and North Africa (Friedberg et al., 1995).  XP-A and XP-C patients are the most 
common within these groups. 
 
 16
XP symptoms are readily explained by a defect in the repair of UV-induced 
DNA damages; XP is caused by defects in any one of the XP genes, XPA to XPG 
and the variant form XPV, which make up the eight complementation groups. As 
mentioned, XPA to XPG are integral proteins required in the progression of the NER 
pathway.  The XPV gene encodes the DNA polymerase eta (pol-η) that is involved in 
relatively error-free bypassing of UV-induced CPDs during replication (Friedberg et 
al., 1995; Johnson et al., 1999; Masutani et al., 1999).  Although XPV is not involved 
in the NER, it also results in XP. 
 
Patients presenting with XP are hypersensitive to sunlight and develop 
serious sunburns with onset of poikilodermia on minimum sun exposure.  They also 
suffer from premature ageing of the light-exposed skin especially around the lips and 
eyes.  The inability to repair DNA lesions that commonly occur during sunlight 
exposure predisposes XP patients to more than a 1000-fold increased risk of 
cutaneous cancers especially squamous and basal cell carcinomas, and malignant 
melanomas from early childhood.  As such, individuals suffering from XP require 
countless surgeries for the skin lesions near the eyes and ears, often resulting in 
blindness.  XP patients also have a ten to 20-fold increased risk of developing 
internal cancers under the age of 20.  Not surprisingly, XP results in high mortality 
rates before reaching adulthood (van Steeg and Kraemer, 1999; Norgauer et al., 
2003). 
 
Approximately 18 percent of XP patients also suffer from neurological 
disorders, resulting in mortality from neoplasia.  A possible explanation for the onset 
of neurological abnormalities is that defective DNA repair of endogenous (oxidative) 
NER lesions in nerve cells induces neuronal death (Reardon et al., 1997; Kraemer et 
al., 2007).  Other clinical features of XP include mild developmental defects, 
progressive loss of sight and hearing and sparse hair (van Steeg and Kraemer, 1999; 
Norgauer et al., 2003; Gillet and Scharer, 2006). 
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Most XP patients (except XP-C) are deficient in both the GG-NER and TCR.  
As the XPC protein is required only for GG-NER, XP-C cells have a residual repair 
synthesis of 15–30 % derived from TCR, and are less sensitive to UV than XP-A or 
XP-D cells (Bootsma et al., 2002).  XPA, though a very small protein of 31 kDa, plays 
a central role in the NER pathway (see section 1.2.4) and it interacts with many other 
players in the pathway such as RPA, ERCC1/XPF, XPC/hHR23B/centrin2 and TFIIH.  
Not surprisingly, individuals with defective XPA genes suffer the most severe NER 
defects and phenotypes (Bootsma et al., 2002).  XPD is an 87 kDa protein that 
possesses helicase activity of 5’Æ3’ activity, and plays an architectural role in 
connecting the two subunits of TFIIH.   It interacts with XPC, XPA, XPG and XPF.  
Null alleles for XPD are incompatible with life as TFIIH is also involved in the 
essential function of basal transcription.  Thus low NER activity is always present in 
XPD patients.  The dual role of XPD in transcription and NER explain why individuals 
suffering from XPD defects can present with either symptoms of XP, CS or TTD, or 
combinations of either disorders (Stefanini et al., 1993; Drapkin et al., 1994; 
Vermeulen et al., 1994; Taylor et al., 1997). 
 
1.2.5.2 CSB and Cockayne Syndrome 
First described by Edward Alfred Cockayne in 1936 (Gillet and Scharer, 
2006), CS patients present with cutaneous photosensitivity, cachetic dwarfism, bird-
like faces, tooth decay, cataracts, severe neurological abnormalities and skeletal 
disabilities caused by dysmyelination.  Average mortality is at the age of about 12 to 
13 years.  CS is distinct from XP in that CS patients are not cancer prone (de Boer 
and Hoeijmakers, 2000; Bootsma et al., 2002). 
 
CS typically results from mutations in the CSA/ERCC 8 or CSB/ERCC 6 
genes and is thus a TCR-NER specific disorder; CS cells are not deficient in GG-
NER (Venema et al., 1990; van Hoffen et al., 1993).  However, many of the clinical 
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features of CS cannot be explained by the lack of TCR alone as CS is clinically 
variable like XP, yet most XP patients (e.g.: XP-A) do not exhibit CS symptoms (de 
Boer and Hoeijmakers, 2000).  CS cells like their XP counterparts display increased 
sensitivity to a number of DNA-damaging agents including UV at least in part due to a 
TCR defect (Wade and Chu, 1979; Balajee and Bohr, 2000).  Loss of function of TCR 
results in transcriptional arrest following DNA damage from exogenous agents or 
endogenous lesions, leading to increased sensitivity to lesion-induced apoptosis, 
possibly explaining the lack of cancer in CS patients and the resultant exhibition of 
premature ageing features (Hanawalt and Spivak, 2008). 
 
It has been suggested that CSA and CSB both play roles in basal 
transcription or other forms of repair, and different mutations result in subtle 
impairment in transcription leading to developmental abnormalities (van Gool et al., 
1997; de Waard et al., 2004; Hanawalt and Spivak, 2008).  During normal 
developmental processes, endogenous oxidative stress-induced DNA lesions 
coupled with inefficient transcription could result in impaired physical and 
neurological development, leading to dwarfism and dysmyelination (Hanawalt and 
Spivak, 2008).  In support of this, CS cells, but not XP-A cells, exhibited a defect in 
TCR of oxidative DNA lesions and are slightly more sensitive to oxidative damage-
inducing ionizing radiation than normal cells (Leadon and Cooper, 1993).  Consistent 
with this, the CSB protein has been implicated in post-oxidative stress transcriptional 
response.  Cells defective in CSB failed to induce ribosomal proteins expression and 
exhibited down-regulation of several proteins related to stress response, 
transcription, translation, signal transduction and cell cycle progression following 
H2O2 exposure (Kyng et al., 2003).  It is noteworthy that a defect in XPB and XPD 
can also result in CS symptoms possibly due to disruption of transcription in addition 




First described in 1980 by Price (Price et al., 1980), TTD shares similar 
symptoms with CS such as mental and physical retardation, but present with 
additional symptoms such as sulphur-deficient brittle hair and ichthyosis (scaling of 
the skin). 
 
Mutations in three genes that are involved in TTD have been identified: XPB, 
XPD and TTDA, all of which are subunits of TFIIH, thus TTD may reflect purely a 
defect of proper transcription (Stefanini et al., 1993; Vermeulen et al., 1994; Taylor et 
al., 1997; de Boer and Hoeijmakers, 2000; Oh et al., 2006).  Not surprisingly, due to 
transcriptional interference and NER defects, TTD patients are delayed in 
development and have reduced expression of matrix proteins resulting in brittle hair 
and scaly skin.  Depending on the location of the mutation in either of the proteins, 
different functions are compromised, which answers why some TTD patients do not 
exhibit photosensitivity (de Boer and Hoeijmakers, 2000). 
 
 
1.2.6 Ageing and Senescence 
‘Ageing’ is loosely used to define the highly complex phenomenon of time-
dependent changes that occur in the macromolecules, cells and tissues of most 
organisms (Longo et al., 2005).  ‘Senescence’ in particular defines the changes that 
lead to a gradual deterioration in mental and physical bodily functions and 
homeostasis of the organism, leading to increased vulnerability to environmental 
stress and disease (Longo et al., 2005; Kirkwood, 2005). 
 
Longevity and fitness of an aged organism is linked to the fitness and ‘age’ of 
the cell, which are influenced by genetic, environmental, epi-genetic and other 
endogenous factors and their interactions.  Consequently, physiological human 
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ageing has been linked, on a cellular and molecular level, to elevated genomic 
instability, increased epigenetic gene silencing, increased cell loss, telomere 
dysfunction, altered expressions of cell cycle, metabolic and stress response genes 
and extracellular matrix remodelling (Gonos, 2000; Benz and Yau, 2008).  However, 
up till now, the exact aetiological factors that underlie this cellular and tissue 
degeneration and the resulting deterioration of bodily functions remain unclear. 
 
1.2.6.1 The Theories of Senescence 
Several theories have emerged over the past half a decade to explain 
senescence (reviewed separately in Longo et al., 2005; Masoro, 2005).  Interestingly, 
most theories of ageing suggest a relationship between cellular senescence or loss 
of cells and organismal ageing.  Cellular senescence is a state of irreversible growth 
arrest at the G0 quiescent stage of the cell cycle where cell division ceases.  At this 
stage, cells are metabolically normal and active though refractory to mitogenic 
stimulation (Finkel and Holbrook, 2000). 
 
In relevance to this thesis, selected theories will be discussed in the following 
sections.  It is important to note that while each theory is well supported by evidence, 
none are mutually exclusive to other ageing theories, and which theory plays the 
most dominant role in ageing remains unknown. 
 
1.2.6.1.1 The mitochondrial free radical theory of ageing 
First described by Denham Harman, this theory linked the high metabolic 
rates of some species with short lifespan (Harman, 1956; Finkel and Holbrook, 
2000).  He later redefined the theory in 1972 to propose that endogenous production 
of ROS derived mostly from the mitochondria during normal metabolic processes 
results in the cumulative damage of cellular components (Harman, 1972).  Proteins 
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(Stadtman, 2006), lipids, nucleic and mitochondrial DNA (Beckman and Ames, 1998; 
Finkel and Holbrook, 2000; Benz and Yau, 2008) have been evidenced to 
accumulate stochastic oxidative damage in ageing cells and organisms.  This is 
thought to result in progressive failure of cellular mechanisms leading to organ 
deterioration and onset of ageing phenotypes.  It would thus be logical that long-lived 
organisms should be more robust to oxidative stress.  Indeed, flies and mice selected 
for extended lifespan are more resistant to oxidative stress (Masoro, 2005). 
 
Many other studies have supported the mitochondrial free radical theory 
(reviewed in Benz and Yau, 2008).  One such study is that of the transgenic 
Drosophila melanogaster carrying three copies of both the antioxidant enzyme 
genes, superoxide dismutase (SOD) and catalase, which exhibited a one-third 
increase in lifespan compared to wild type flies (Orr and Sohal, 1994).  Conversely, 
mouse embryonic fibroblasts have been shown to proliferate indefinitely under low 
ambient oxygen (O2) partial pressure of three percent (Parrinello et al., 2003). 
 
This theory of ageing has endured the test of time and has become widely 
recognized to be a plausible factor in ageing.  However, it remains unclear over 
whether an accumulation of ROS-induced damage limits mammalian lifespan per se 
or whether it only contributes to age-related diseases.  Although the importance of 
oxidative stress is unequivocal in age-related diseases such as hypertension, 
diabetes, cancer and Alzheimer’s, the exact mechanisms are still vague and it is 
agreed that other factors play a role in ageing.  As will be discussed below, oxidative 
stress interacts with each of the following equally valid theories of ageing to 





1.2.6.1.2 Calorie Restriction 
Calorie restriction (CR) as the name implies is the limiting or reduction of food 
intake.  CR has been shown to successfully extend the average lifespan of many 
species including yeast, nematodes, spiders, dogs and rodents (Masoro, 2005).  
There are numerous plausible mechanisms of actions of CR.  One of the more 
established hypotheses behind the anti-ageing effects of CR is that it decreases 
steady-state oxidative stress and damage levels (Sohal and Weindruch, 1996; 
Masoro, 2005).  In support of this hypothesis, CR has been shown to retard the onset 
and progression of age-associated diseases in mice and rats respectively (Masoro, 
2005) and to reduce the rate of mitochondrial oxidant production and levels of 
oxidative molecular damage in rodents and lower primates (Yu, 1996; Zainal et al., 
2000). 
 
There are a number of ways CR reduces levels of oxidative damage.  CR 
could either decrease ROS generation or increase the antioxidant enzymatic and 
non-enzymatic status of the cells or it could well be a synergy of both.  Whatever the 
case, there is little doubt that oxidative stress plays a part in CR-mediated delayed 
ageing phenotypes though it is evidently not the only important factor. 
 
Another popular hypothesis of CR-mediated life extension is through the 
attenuation of somatotropic growth hormone (GH) signalling (Masoro, 2005), which 
by itself has been implicated in life-extension of nematodes, flies and long-lived dwarf 
mice (see section 1.2.6.1.5).  Under this theory, CR-mediated extension of lifespan is 
thought to be a result of maintenance of low level plasma glucose and insulin in 
conjunction with increased glucose effectiveness and/or insulin sensitivity.  
Congruent with this, reduced levels of fasting glucose and insulin without a change in 
metabolic rate was seen in CR-treated rodents and monkeys, while insulin and 
insulin growth factor 1(IGF-1) attenuated CR-mediated lifespan extension (Cohen et 
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al., 2004).  Although CR has seen success in shorter-lived laboratory animals, 
whether it promises the same results in longer-lived species such as lower primates 
and humans remains controversial. 
 
1.2.6.1.3 Telomeres and Cellular Senescence 
Leonard Hayflick and Paul Moorhead found that normal somatic cells in 
culture have a limit to the number of times they can divide.  This limit is known as the 
Hayflick’s limit (Hayflick and Moorhead, 1961) and is seen to define an aged cell at 
the stage of replicative senescence.  The limited proliferative potential of these cells 
is currently recognized to be due to the ‘end replication problem’ (Figure 2A taken 
from Shay and Wright, 2000), proposed independently by James Watson and Alexy 
Olovnikov, where classical DNA polymerase II is unable to replicate linear 
chromosomal ends (Olovnikov, 1971; Watson, 1972; Olovnikov, 1973). 
 
Eukaryotes maintain their genomes as linear DNA with flanking protective 
nucleoprotein structures called telomeres.  Human telomeres consist of 
hexanucleotide tandem repeats of the sequence 5’-TTAGGG-3’ (Moyzis et al., 1988) 
and are associated with structural proteins that regulate its length and integrity 
(Figure 2B taken from Blasco, 2005).  The lengths of telomeres vary considerably in 
any population but in humans it ranges between five to 15 kilo-base pairs (de Lange 
et al., 1990; Chai et al., 2006). 
 
Telomeres serve two major functions.  First, they are believed to act as 
protective caps against chromosomal degradation from nuclease attack and 
recombination (de Lange, 2002; Artandi and Attardi, 2005).  Dysfunctional telomeres 
may lead to chromosomal fusions where normally distinct chromosomes join with 
each other, leading to a cascade of events that predispose to cancer and further 
chromosomal instability (Artandi and Attardi, 2005).  Second, in effect its raison 
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d'être, telomeres protect the coding genome against the end replication problem and 
are thus thought of as a biological clock, where their length determines cell and 
organismal age.  Telomere attrition has been causally linked to replicative 
senescence with two related findings: that telomeres shorten progressively in normal 
human cell cultures (Harley et al., 1990) and aged humans (Hastie et al., 1990; 
Lindsey et al., 1991), and that ectopic expression of telomerase can result in 
telomere length maintenance and immortalization of normal diploid somatic cells 
(Bodnar et al., 1998; Counter et al., 1998; Jiang et al., 1999). 
 
Due to the end replication problem, normal somatic cells which do not 
express telomerase, an enzyme specialized in telomere length maintenance, 
physiologically lose 50 to 200 base pairs of telomeres with each cell division 
(Lansdorp, 2000).  With subsequent DNA replication, the telomeres reach a state of 
crisis at a critical length (four to 10 kilo-base pairs) (von Zglinicki et al., 1995).  
Critically short telomeres are rendered dysfunctional and activate DNA repair 
mechanisms; cells are either triggered for p53-mediated apoptosis or signalled to exit 
the cell cycle and enter into a state of replicative senescence (Artandi and Attardi, 
2005).  This prevents critically short telomeres from further attrition, losing their 
protective function. 
 
Physiological telomere shortening is thought to be accelerated by 
“psychosocial”, environmental and endogenous factors such as perceived stress, 
oxidative stress and defective DNA repair factors.  Figure 3 (taken from Finkel et al., 
2007) shows how telomere length kinetics and its interaction with external factors are 
thought to influence cancer and ageing. 
 
Indeed, telomeres are unequivocally more susceptible to oxidative damage 
(Henle et al., 1999) and single strand breaks at these regions are less well repaired 
than elsewhere in the genome (von Zglinicki et al., 2003).  Cells grown in increased 
 25
ambient O2 of 40 % partial pressure exhibited accelerated telomere attrition per cell 
cycle via accumulation of single strand breaks thereby ceasing proliferation (von 
Zglinicki et al., 1995; Honda et al., 2001).  Chronic exposure to low dose H2O2 
significantly accelerated telomere shortening and suppressed DNA repair capacity 
(Duan et al., 2005).  Exposure to arsenite also accelerates telomere loss which can 
be circumvented with antioxidants (Liu et al., 2003).  In addition, over expression of 
the antioxidant enzyme SOD reduced the rate of telomere attrition (Serra et al., 
2003).  Perceived psychological stress has also been associated with increased 
oxidative stress and shorter telomeres in premenopausal women (Epel et al., 2004).  
Taken together, telomere attrition can be accelerated under stress conditions. 
 
Since telomeres are more susceptible to damage, the telomere repair process 
is integral in preventing chromosomal aberrations and in maximizing the replicative 
potential of cells.  Reports supporting this notion have described the possibility of 
telomerase-independent telomere maintenance for some immortalized mammalian 
cells.  Numerous studies have convincingly indicated the involvement of DNA 
damage sensing and repair factors in telomere maintenance and will be discussed in 






1.2.6.1.4 DNA Repair Defects and Ageing 
If stochastic DNA damage drives ageing, then it follows that reduced efficacy 
in repairing these lesions results in accumulations of lesions that consequently 
contribute to accelerated ageing and age-related pathologies.  Consistent with this, 
repair efficiency of all DNA repair pathways (reviewed in Gorbunova et al., 2007) and  
repair efficacy at the telomeres (Kruk et al., 1995) have been shown to decline with 
age, leading to accumulation and increased rates of particular mutations due to 
increased frequency of repair errors (Stuart et al., 2000).  Little is known about the 
mechanism of NER decline with age but reduced constitutive protein levels of certain 
NER proteins such as XPA and XPB have been found in aged humans (Goukassian 
et al., 2000). 
 
Interestingly, a role for DNA repair/recombination factors in the maintenance 
of telomeres thereby possibly regulating senescence and genome stability has been 
established in yeast and more recently in mammalian cells (reviewed in Hande, 
2004; Slijepcevic, 2008; d'Adda di Fagagna, 2008; Low and Hande, 2008).  An 
important clue that led to this proposition was that embryonic stem cells from mice 
lacking telomerase showed increased shortening of telomeres and decreased 
replicative potential but those that survived the crisis stage exhibited rapid growth 
associated with maintenance of functional telomeres via recombination and 
amplification of non-telomeric sequences adjacent to existing short telomeres (Niida 
et al., 2000). 
 
Some examples of DNA repair factors found to be involved in telomere 
function will be discussed here.  Mice that lack functional NHEJ components DNA-
dependant protein kinase catalytic subunit (DNA-PKcs), Ku 70 and Ku 80 exhibit 
increased telomeric dysfunction such as erosion and fusions, and defective telomere 
capping (Slijepcevic et al., 1997; Hande et al., 1999b; Gilley et al., 2001; d'Adda di 
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Fagagna et al., 2001).  These components have been found to associate in vivo with 
telomeres (d'Adda di Fagagna et al., 2001).  Ku in particular has been found to 
interact with the telomeres indirectly through its interaction with the telomeric protein 
TRF1 thereby preventing chromosomal fusions (Hsu et al., 2000).  RecQ helicases 
BLM and WRN also demonstrated their role in telomere dynamics through their 
interaction with telomeric proteins protection of telomeres-1 (POT1) (Opresko et al., 
2005) and TRF2 (Opresko et al., 2002).  Loss of function of ATM in humans and 
mice result in premature ageing, and these cells prematurely senesce, exhibit 
exacerbated telomere erosion (Metcalfe et al., 1996) and produce extrachromosomal 
telomeric signals (Hande et al., 2001; Tchirkov and Lansdorp, 2003) suggesting a 
role for ATM in telomere maintenance and replication.  The BER factor poly(ADP)-
ribose polymerase (PARP) has also found a hand in the role of telomere 
maintenance when mice deficient in PARP displayed increased chromosomal 
aberrations and shorter telomeres without altered telomerase activity (d'Adda di 
Fagagna et al., 1999).  More recently, the breast cancer susceptibility gene BRCA1 
was found to interact with the NHEJ components to maintain telomeres in yeast.  In 
mice, loss of BRCA1 resulted in telomere dysfunction and chromosomal aberrations 
(McPherson et al., 2006). 
 
The theory that telomeric proteins were originally general repair factors 
evolutionarily developed to have telomeric functions (Wright and Shay, 2005) 
possibly consummates the link between telomere dynamics and DNA repair factors.  
For example, TRF2 specifically binds to the duplex telomeric sequence; it interacts 
with numerous repair proteins to form a complex (Figure 2B) and is essential for the 
formation and maintenance of t-loop structures in vitro (Stansel et al., 2001) (Figure 
2B).  However, following laser-induction of DNA double strand breaks, TRF2 
translocates to these damage sites even more rapidly than ATM, the characterized 
chief damage sensor (Bradshaw et al., 2005), revealing its role in DNA repair.  Taken 
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together, these examples indicate the importance of DNA repair factors in the 
upholding of telomere integrity which otherwise contribute to chromosomal fusions 
and predispose transformation. 
 
The link between DNA repair defects and ageing is made apparent in 
premature ageing disorders with underlying defects in certain genome maintenance 
pathways indicating that normal ageing is in part caused by a decline in DNA repair 
capacity.  In support of this, parallels have been made between human progeroid 
syndromes or normal ageing phenotypes and DNA repair-deficient animal models 
(reviewed in Gorbunova et al., 2007; Schumacher et al., 2008; Garinis et al., 2008).  
Examples of damage repair proteins found to play a role in ageing using mouse 
models are the ATM protein, the RecQ helicases BLM and WRN, the NHEJ factors 
and NER factors such as CSA, CSB, XPA and XPD. 
 
Although not all DNA repair mutants exhibit progeroid phenotypes, most 
progeroid mouse models are defective in genomic maintenance.  It is important to 
note that monogenetic progeroid models may not mirror every aspect of physiological 
ageing.  While some single gene mutations such as WRN did not yield promising 
animal models, CSA, CSB and XPD mutant mice exhibited partial symptoms of the 
human pathology (Schumacher et al., 2008).  Yet deletion of Ku 80 resulted in 
increased genomic instability and ROS sensitivity that may drive the other age-
related pathophysiologies such as osteoporosis, severe immunodeficiency, atrophic 
skin and reduced lifespan (Hasty et al., 2003).  Double knock out mice, however, are 
more indicative that a defect in DNA repair results in accelerated progeroid features.  
Knocking out XPA in CSA- or CSB-deficient mice that exhibited only mild premature 
ageing characteristics yielded aggravated age-related pathologies (Murai et al., 
2001).  Similarly progeroid features of TTD mice with mutated XPD were augmented 
when XPA was knocked out as well (de Boer et al., 2002). 
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It should be noted that mutations in NER genes resulting in accelerated 
progeroid phenotypes may not necessarily be caused only by defects in repair per se 
but also by defects associated with global transcription.  Mice carrying mutations of 
CS genes and XPD develop progeroid features while XPA mutants show less 
premature ageing features.  This can be explained by the fact that the CS proteins 
and XPD are involved in not only the TCR/NER but also basal transcription.  The 
dual functions of these proteins indicate that premature ageing symptoms in CS and 
XP-D mice may be due to a compromise in the transcription machinery resulting in 
functional inactivation of genes and increased apoptosis that lead to compromised 
tissues and organs thus manifesting in ageing.  In line with this, CS mice though 
exhibiting age-related physiopathologies actually have a very low mutational load 
(reviewed in Gorbunova et al., 2007). 
 
In addition to defects in repair and global transcription, NER progeroid 
mutants exhibit altered gene expressions in the stress response pathways that have 
been associated with ageing (to be discussed in section 1.2.6.1.5).  The fact that a 
single mutation in a DNA maintenance pathway such as the NER can be linked to 
ageing with multiple parameters enforces the idea that organismal ageing is indeed a 
noxious sequela to defects in DNA repair pathways. 
 
1.2.6.1.5 Genetics and the specificity of Premature and Natural Ageing 
If oxidative stress and the appropriate responses to it either by antioxidant or 
repair pathways have implications on ageing, increasing the resistance to stress 
should similarly have anti-ageing benefits.  Supporting this claim is the identification 
of oxidative stress-responsive transcription factors and genes, such as p53 and SOD, 
agents found to influence the ageing processes (reviewed in Allen and Tresini, 2000). 
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In addition to antioxidant genes, forward genetics has established links 
between environmental stress responsiveness such as those related to regulation of 
energy resources and longevity in C. elegans, flies and mice.  Mutation of the silent 
information regulator 2 (SIR2) gene that encodes for a deacetylase has been shown 
to interfere with CR-mediated longevity.  Conversely, CR activates SIR2 in yeast and 
extends its lifespan (Lin et al., 2000).  In C. elegans, SIR2 negatively regulates daf-2 
that encodes an insulin receptor-like transmembrane tyrosine kinase thereby 
extending lifespan through an alternative life stage called the dauer larvae.  
Mutations of daf-2 may increase resistance to ROS via the up-regulation of 
antioxidant enzymes  (reviewed in Hekimi and Guarente, 2003).  These findings 
suggest that the insulin signalling pathway is involved in modulating lifespan via the 
management of oxidative stress. 
 
The Sir family of genes is also relevant in regulating mammal lifespan.  In 
particular, SIRT1, which is up-regulated in CR rats (Cohen et al., 2004), negatively 
regulates p53 which in turn attenuates damage responses and apoptosis thus 
preserving organ function (Hekimi and Guarente, 2003).  Additionally, SIRT6, 
required for oxidative damage response, when knocked out in mice, resulted in 
systemic suppression of the somatotropic growth factor/IGF-1 (GF/IGF-1) axis and 
progeria (Mostoslavsky et al., 2006).  In line with this, long-lived mice such as the 
dwarf mutants Snell and Ames (defective in GH signalling due to pituitary 
implications) and those that are calorie restricted (Gorbunova et al., 2007; 
Schumacher et al., 2008) also exhibit attenuated somatotrophic axes.  Conversely, 
over expression of GH elicits premature morbidity (Bartke et al., 1999).  Extension of 
lifespan is thus associated with the attenuation of GH signalling and accompanying 
alterations of its downstream events including changes in metabolism, reduced 
serum glucose and insulin levels, enhanced antioxidant defence and reduced 
somatic mutation frequency (Garinis et al., 2008). 
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Taking into account that suppression of the somatotropic axis extends while 
augmentation reduces lifespan, one would assume that progeria is associated with 
increased GF/IGF-1 signalling.  On the very contrary, NER progeroid mutant CS, 
XPF-ERCC1-/-, CSBm/m/XPA-/- and XPDTTD/XPA-/- mice exhibit the same changes in 
gene expression and physiological parameters associated with attenuation of the 
GF/IGF-1 pathway as their long-lived counterparts (Schumacher et al., 2008; Garinis 
et al., 2008).  Furthermore reduced GH and IGF-1 levels were also detected in 
naturally aged humans and mice (Giordano et al., 2005) indicating that somatotropic 
attenuation is a common feature of ageing whether natural or premature.  While it 
may seem a paradox that both long-lived and premature progeroid mice display 
attenuated somatotropic axis, the decline in the GF/IGF-1 signalling in these mice 
may represent a response to DNA damage, which accumulates with age and 
evidently accretes at an increased frequency following a deficiency in DNA repair.   In 
support of this claim, mice chronically exposed to low-dose oxidants accumulate 
DNA damage and show evidence of somatotropic attenuation (Niedernhofer et al., 
2006; van der Pluijm et al., 2007). 
 
Somatotropic attenuation in response to DNA damage may represent a stress 
response akin to that of limited resources as with CR, shifting the metabolic 
dynamics from development and reproduction in low stress conditions to somatic 
maintenance in higher stress conditions.  Long-lived dwarfs and CR mice display 
reduced growth, oxidative metabolism and thus genotoxic accumulations together 
with enhanced cellular defences against DNA damage through the attenuation of the 
somatotropic axis.  Progeroid and naturally aged mice already harbour elevated DNA 
damage that result in genomic instability.   Attenuation of the somatotropic pathway 
in these mice may thus be a compensatory response to the accumulated damage in 
attempt to delay the progression of deleterious effects of the trigger (Schumacher et 
al., 2008; Garinis et al., 2008). 
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1.2.6.2 The complex network process of ageing 
It is becoming clearer with the abundance of empirical support for each theory  
that cellular ageing cannot simply be attributed by a single factor; instead ageing is 
ab initio under the influence of a complex interplay and synergy between different 
processes (von Zglinicki et al., 2003).  Recognizing the links between these aspects 
provide important ramifications both for elucidating the process of ageing and age-
related phenotypes, as well as a platform for retarding ageing clinically and 
promoting quality health span. 
 
The molecular milieu and outward phenotypes between naturally aged and 
progeroid organisms share much in common.  In this light, in vivo cellular 
senescence may well be considered a result of stress response to the accumulation 
of DNA damage (Duan et al., 2005).  The above sections have established that the 
onset of cellular senescence is triggered by the accumulation of molecular damage 
and decline in DNA repair, telomere attrition which can be exacerbated by DNA 
repair deficiency and stress, and alterations in stress responses and senescence-
associated gene expressions.  Any of these factors increase senescence and 
apoptosis that drive ageing.  In line with this, exhaustion of replicative cells from 
apoptosis or senescence contribute to the onset of ageing as in long-term survivors 
of chemo-radiation therapy who exhibit phenotypes of premature ageing (Beeharry 
and Broccoli, 2005; Grillari et al., 2007).  Therefore, the ageing theories perhaps 
share as their mechanism of action accumulations of oxidative damage, the common 
underlying root for age-related pathologies.  Telomere shortening and the levels of 
oxidative DNA-damage-repair capacity might be exploited as reliable markers of cell 
senescence.   Figure 4 shows a schematic diagram of the possible relationships 






1.3 Motivation and Direction:  Linking NER factors to oxidative 
stress management of the genome and at the telomeres 
Increasing evidence indicate that a host of DNA repair proteins such as ATM, 
WRN, BLM as well as the NER XPF/ERCC1 complex not only protect the genome 
against permanent damages, but importantly, also function as telomere integrity 
regulators through interactions with telomeric proteins (see section 1.2.6.1.4) 
(reviewed in Hande, 2004; Slijepcevic, 2008; d'Adda di Fagagna, 2008; Low and 
Hande, 2008).  Such repair factors have thus been implicated not only in cancers, but 
also in progeroid phenotypes.  The loss of these DNA repair factors has been shown 
to result in telomere attrition associated with premature senescence, telomere-related 
chromosome anomalies and spontaneous tumours, which may be due to disrupted 
telomere homeostasis.  The recent finding that the telomeric factor TRF2 has a role 
in DNA damage sensing further enforces the relationship between telomere 
dynamics and DNA repair (Bradshaw et al., 2005). 
 
Oxidative stress accelerates telomere shortening (von Zglinicki, 2002) and 
both oxidative stress and telomere attrition pose as potential risk factors for in vivo 
senescence and organismal ageing.  Thus ROS might exacerbate the genomic 
instabilities of DNA repair factor deficiency by posing as an additional factor for 
accelerated telomere loss or damage.  Particularly, oxidative damage has been 
suggested to influence the genomic stability and telomere status, and drive 
premature senescence in cells derived from mice and patients presenting with the 
progeroid disorders AT and Werner Syndrome which lack functional ATM (Tchirkov 
and Lansdorp, 2003; Srikanth et al., 2009) and WRN (Lee et al., 2005) respectively.  
In addition, our group has shown that lack of functional telomeres (Newman et al., 
2008) and DNA repair factors such as PARP-1 (Poonepalli et al., 2005) impair 
normal cell survival, DNA damage-repair and protection of the genome against 
arsenite-induced oxidative stress. 
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Although the NER has been shown to be involved in oxidative stress 
management, this role is yet to be fully elucidated.  Here, we propose that the 
components of the NER pathway are required for genome maintenance under 
oxidative stress.  Moreover, due to the strong relationship between DNA repair and 
telomere homeostasis, we hypothesize that the NER cross talks with telomere 
maintenance mechanisms to protect telomeres from erosion.  Thus we propose that 
in the absence of a functional NER, increased sensitivity to oxidative-SIPS ensues.  
Understanding the relevance of NER on genome maintenance and telomere integrity 
under oxidative stress will provide additional clues to the nature of telomere 
dynamics and risk factors that might lead to age-morbidity and cancer susceptibility 
in CS and XP patients.  In this way, we hope to bridge the narrowing gap in telomere-
mediated replicative senescence and SIPS, thereby providing one of the many 
molecular links between telomere dysfunction, DNA deficiency and oxidative stress 
on cancer and ageing. 
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1.4 Objectives 
To investigate the involvement of the NER in genome maintenance and 
telomere dynamics under oxidative stress, we set out to achieve the following 
objectives: 
1) To examine the cellular sensitivity of cells lacking XPA, XPD and CSB to 
oxidative stress 
2) To investigate the role of XPA, XPD and CSB in oxidative damage-repair 
competency and genomic stability. 
3) To understand the role of XPA, XPD and CSB in growth kinetics and telomere 
dynamics 
4) To investigate the role of XPA, XPD and CSB in oxidative stress response 
mechanisms 
 
We treated primary fibroblasts derived from patients suffering from XP (XP-A 
and XP-D) and CS Type II (CS-B), as well as lymphoblastoid cells transformed from 
XP-A and XP-D patients with NaAsO2, H2O2 or increased ambient O2 to induce 
oxidative stress.  Following subjection to oxidative stress, we performed assays 
related to survival, genome stability and growth kinetics.  With the use of NER-
deficient cells and agents that cause oxidative stress, we hope to elucidate if the 




MATERIALS AND METHODS 
 
2.1 Cells and cell culture conditions 
All cells were grown in a humidified 5% CO2 incubator at 37°C and 
maintained in a log phase. All tissue culture supplements unless otherwise stated, 
were purchased from Gibco. 
 
2.1.1 Human diploid fibroblasts 
Primary human diploid fibroblasts from normal individuals (Normal 
GM03651E and IMR-90 I90), and from individuals suffering from Xeroderma 
Pigmentosum complementation group A (XP-A GM01630), Xeroderma Pigmentosum 
group D (XP-D GM11613) and Cockayne Syndrome Type B (CS-B GM00739) were 
purchased from Coriell Cell Repository and cultured in Minimal Essential Medium 
(MEM; Gibco, U.S.A.) supplemented with 15% foetal bovine serum (FBS; Hyclone, 
U.S.A.), 100 U/mL penicillin/streptomycin, 1% vitamins, and 2% essential and 1% 
non-essential amino acid. 
 
hTert-BJ1 (C4000-1) telomerase-immortalized fibroblasts were purchased 
from Clontech, U.S.A., and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
NUMI Media Preparation Facility NUS, Singapore) supplemented with 18% Medium 
199 (Sigma, U.S.A.), 1% sodium pyruvate, 10% FBS, 100 U/mL 
penicillin/streptomycin and 2% L-glutamine. 
 
2.1.2 Human B-lymphoblastoids 
Epstein-Barr virus-transformed B-lymphocytes from normal individuals 
(Normal male GM03798 and Normal female GM03714) and from individuals suffering 
from Xeroderma Pigmentosum group A (XPA-L GM02344) and Xeroderma 
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Pigmentosum group D (XPD-L GM11612) were purchased from Coriell Cell 
Repository and cultured in Roswell Park Memorial Institute medium 1640 (RPMI; 
NUMI), supplemented with 15% FBS, 1% L-glutamine. 
 
 
2.2 Cells treatment conditions 
2.2.1 Arsenite treatment conditions 
Stock solution of 1 mg/mL sodium m-arsenite (NaAsO2; Sigma, U.S.A., S-
7400; hereafter termed as “arsenite” or As3+) was prepared in 1× phosphate buffered 
saline (PBS; NUMI supplies) and filter-sterilized with a 0.22 µm syringe filter.  
Appropriate volumes were then added to cultures to achieve indicated 
concentrations.  Exponentially growing cells of ~70% confluence were exposed to 
between 0.5 µg/mL (3.8 µM) and 4.0 µg/mL (30.7 µM) of arsenite for 24 hours.  
Several groups have previously shown dose-dependent genotoxicity of arsenite on 
mammalian cells (Moore et al., 1997; Hei et al., 1998), with arsenite exhibiting 
moderate effects between ~1-10 µg/mL (Fan et al., 1996; Kessel et al., 2002). 
 
2.2.2 Hydrogen Peroxide (H2O2) treatment conditions 
Fresh working solution of 100 mM H2O2 (Kanto Chemical Co. Inc., Japan) 
was prepared in plain media each time.  For dose response studies, exponentially 
growing cells were exposed to between 20 µM and 100 µM of H2O2 for 2 hours, 
following which the medium was replaced with fresh medium for a 22 hour recovery 
period.  Such concentrations have been shown to be of low to no cytotoxicity with 




2.3 Cell Viability Assays 
2.3.1 Cell Viability Assay for adherent cells by Crystal Violet 
Crystal Violet dye binds electrostatically to nuclear proteins and thus stains 
DNA.  Upon elimination of excess dye and solubilisation of the dye, the relative 
density of adhered cells can be measured, which correlates to live cell number.  
Following treatment, attached cells were gently washed in 1× PBS.  Crystal Violet 
solution (0.75% crystal violet (Sigma) in 50% ethanol (Merck, Germany): distilled H2O 
(dH2O) with 1.75% v/v formaldehyde (Merck) and 0.25% w/v sodium chloride (NaCl; 
Lab-Scan Ireland)) was gently added to the wells and incubated at room 
temperature, then washed with 1× PBS.  Thereafter, wells were dried at 37°C.  1% 
sodium dodecyl sulphate (SDS; NUMI supplies): 1× PBS was added to lyse the cells 
and solubilize the dye.  Absorbance was measured at 595 nm with µQuant 
Microplate Spectrophotometer (Bio-tek Instruments Inc., U.S.A).  Data is represented 
as the percentage of absorbance of the sample over the untreated counterpart. 
 
2.3.2 Cell Viability Assay for suspension cells by MTT 
The MTT (3-[4,5-Dimethylthiazol-2-yl]2,5-diphenyl-tetrazolium bromide) 
(Sigma) assay is based on the principle that damaged cells are unable to metabolize 
as efficiently as viable cells.  The tetrazolium salt, MTT, is reduced to a water-
insoluble coloured formazan only by metabolically active cells.  The relative number 
of viable cells can be measured following the solubilisation and quantification of the 
formazan salt.  Following treatment, suspension cells were collected and centrifuged 
at 260 g.  Cells were resuspended in equal volume of fresh media.  Fifty microlitres of 
the cell suspension was added in triplicates to a 96-well plate (NUNC) to an equal 
volume of 4 mg/mL MTT solution.  The plate was incubated at 37°C in the dark for 2 
hours before being centrifuged at 1620 g.  The supernatant was carefully aspirated 
and the formazan formed was dissolved with 200 µL 5% v/v Sorenson’s glycine 
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buffer (0.1 M glycine (Univar, New Zealand), 0.1 M NaCl, pH 10.5) in DMSO (MP 
Biomedicals Inc., France), following which the dissolved salt was measured at 570 
nm using µQuant Microplate Spectrophotometer.  Data is represented as the 
percentage of absorbance of the sample over the untreated counterpart. 
 
 
2.4 Analysis of cell cycle by Fluorescence Activated Cell Sorting 
(FACS) 
The study of cell cycle kinetics is based on the premise that damaged cells 
may undergo cell cycle arrest at the G1 (growth 1), S (replication) or G2/M (growth 
2/metaphase) phases or undergo cell death if damage is beyond repair for the cells.   
Harvested cells were washed in 0.1% BSA: 1× PBS, centrifuged at 260 g and fixed in 
3:1 70% ethanol: 1× PBS to permeabilize cells to propidium iodide (PI).  
Subsequently the cells were centrifuged at 405 g and stained with PI (Sigma): RNase 
A (Roche, U.S.A.) solution (2 mg PI and 40 mg RNase A/100 mL 0.1% Triton-X 
(Biorad Co., U.S.A.) in 1× PBS) for 30 minutes at 37 °C in the dark.  The amount of 
PI a cell takes up correlates to the stage of the cell cycle profile it is in.  RNase A 
removes interfering RNA that can be stained by PI.  Samples were analysed by flow 
cytometry at 488 nm excitation λ and 610 nm emission λ.  Approximately 10,000 
events were collected.  Data obtained was analysed using WINMDI software. 
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2.5 DNA Damage Markers 
2.5.1 Cytokinesis Blocked Micronucleus (CBMN) analysis 
Using a microfilament-assembly inhibitor, cytochalasin B, cells are arrested at 
cytokinesis.  Any loss of chromosomal material will be extruded from either or both 
the daughter nuclei but retained in the cytoplasm. This chromosomal material, 
termed as micronucleus/micronuclei (MN), could either be whole chromosome(s) that 
has detached from the mitotic spindle, or a fragment which has broken from a 
chromosome.  The presence of MN is a reliable marker for genomic instability 
(Fenech 2000). 
 
Following treatment, cells were incubated with 4.0 µg/mL cytochalasin B 
(Sigma) in fresh medium for 22 hours.  The protocol used is adapted from Hande et 
al. (Hande et al., 1996; Hande et al., 1997).  Cells were harvested and centrifuged at 
115 g for 8 minutes.  The pellet was resuspended, subjected to hypotonic swelling in 
cold 75 mM potassium chloride (KCl) and centrifuged at 115 g for 8 minutes.  Cells 
were then fixed in a combination of 3:1 methanol: glacial acetic acid (Carnoy’s) 
fixative with 6-7 drops of formaldehyde to fix the cytoplasm then centrifuged at 115 g 
for 8 minutes.  Thereafter, cells were further fixed in fresh fixative twice before they 
were kept in 4°C.  Aged cells were then dragged onto a clean, dry slide and the 
cytoplasm and nucleic material were differentially stained orange/red and 
yellow/green respectively with 30 µg/mL acridine orange.  One thousand binucleated 
cells (BN) with/without the presence of (MN) were scored under the Axioplan 2 
imaging fluorescence microscope (Carl Zeiss, Germany) with appropriate triple band 
filter.  All other reagents are from Merck, Germany. 
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2.5.2 Peptide Nucleic Acid-Fluorescence in-situ hybridisation (PNA-
FISH) for chromosome aberration (CA) analysis 
Treated cells were allowed to grow in fresh medium for 24 hours before being 
arrested at metaphase with 0.1 µg/mL karyomax colcemid (Gibco) (overnight for 
fibroblasts, 4 hours for lymphoblastoids).  Harvested cells were then hypotonically 
swelled in pre-warmed 75 mM KCl at 37°C (14 minutes for fibroblasts, 12 minutes for 
lymphoblastoids).  Cells were subsequently centrifuged at 115 g for 8 minutes, fixed 
with Carnoy’s fixative, followed by centrifugation at 180 g for 8 minutes and two 
changes of fixative.   Cell suspensions were dropped from a height onto clean, wet 
slides and air-dried overnight. 
 
FISH and its subsequent analysis were performed as described before 
(Hande et al., 1999a; Newman et al., 2008).  Slides were first hydrated in 1× PBS, 
followed by fixation in 4% v/v formaldehyde: 1× PBS, 3 × 5 minute PBS washes, 
proteolytic treatment of histones in 0.1 mg/mL pepsin (Sigma) at pH 2 (3 minutes for 
fibroblasts, 1½ minute for lymphoblastoids), and repeat of formaldehyde fixation and 
PBS washes before dehydration in an ethanol series (70%, 90% and 100%).  Air-
dried slides were first denatured at 80°C for 3 minutes with hybridisation mixture 
containing deionized formamide (F9037; Sigma), 0.5 µg/mL Cy-3-conjugated-
(CCCTAA)3 PNA probe complementary to telomeric sequence, 3 µg/mL Fluorescein 
isothiocyanate (FITC)-conjugated-centromic PNA probe (Applied Biosystems, U.S.A),  
10 mM Tris (pH 7) and 5% MgCl2, then hybridized in the dark for 2 hours at room 
temperature.  Slides were then washed 2 × 15 minutes in 70% v/v formamide 
(Merck)/0.1% w/v BSA/10 mM Tris (pH 7.4) and 3 × 5 minutes in 0.1 M Tris (1st Base, 
Singapore)/0.15 M NaCl (pH 7.2)/0.08% v/v Tween 20 (Sigma).  Slides were 
dehydrated in an ethanol series, air-dried in the dark and counterstained in 0.0375 
µg/mL 4’,6-diamino-2-phenylindole (DAPI) in mounting media (Vectasheild; Vector 
Laboratories, U.S.A).  Approximately 50 to 100 metaphases were captured under an 
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Axioplan 2 imaging fluorescent microscope and analysed for chromosomal 
aberrations such as breaks or fusions (Savage 1975) which are indicative of genomic 
instability with Isis Imaging Software (Metasystems, Germany). 
 
2.5.3 Alkaline single cell gel electrophoresis (SCGE/Comet) assay 
Two sets of cells were plated for the Comet assay.  Following treatment, one 
set of cells was allowed to undergo a recovery period in fresh media without drug (22 
hours for H2O2, and 24 hours for arsenite) whilst the other set was harvested 
immediately. 
 
Harvested cells were resuspended in Hank’s balanced salt solution (Sigma), 
adjusted for cell densities and mixed with 0.7% low melting point agarose (Conda, 
Spain) before being applied onto Comet slides (Trevigen, U.S.A.).  The subsequent 
steps were then carried out in the dark.  Following solidification of the agarose at 
4°C, slides were subjected to lysis (2.5 M NaCl/0.1 M pH 8 EDTA/10 mM Tris 
base/1% Triton-X) at 4°C for 1 hour.  The slides were then loaded into a gel 
electrophoresis tank in 0.3 M NaOH/1 mM EDTA, pH 13, allowed to denature for 40 
minutes, and run at constant 25 V/300 mA for 20 minutes.  Samples were neutralized 
with 0.5 M Tris-HCl pH 7.5 for 15 minutes, dehydrated in 70% ethanol, and dried at 
37˚C.  DNA was stained with 1:10, 000 SYBR Green (Trevigen) in Tris-EDTA buffer.  
One hundred randomly selected cells per sample were examined under an Axioplan 
2 imaging fluorescence microscope and analysed using Comet Imager Software 
(Metasystems, Germany).  Extent of DNA damage was expressed as a measure of 





2.6 Gene Expression Studies 
2.6.1 RNA extraction 
Treated cells were washed in ice cold 1× PBS and harvested by scraping. 
Total RNA was extracted using RNeasy Mini Kit (Qiagen; U.S.A) at room 
temperature according to manufacturer’s instructions.  Cells were first lysed in RLT 
lysis buffer containing 1% v/v ß-Mercaptoethanol, homogenized with a 29½” syringe, 
mixed with equal volume of 70% ethanol, and applied to RNeasy spin column for 
adsorption of RNA to the column membrane.  A wash with RW1 was then carried out 
followed by a 15-minute on-column DNase I (Qiagen) digestion to eliminate 
contaminating DNA. Thereafter, another RW1 wash and 2 washes with RPE were 
carried out before eluting with RNase-free H2O. 
 
2.6.2 RNA quantification and qualification 
Total RNA was quantified with NanoDrop 1000 (Thermo scientific, U.S.A.) 
and checked for quality by using the A260:A280 ratio (1.8 – 2.0) and running through a 
1% denaturing agarose gel containing 2% v/v formaldehyde/1× MOPS (20 mM 
MOPS buffer/5 mM sodium acetate/2 mM EDTA/pH 7.0) prepared in DEPC-treated, 
autoclaved dH2O to yield sharp 28S and 18S rRNA bands of intensity ratio 2:1 for 
Oligo GEArray Human Apoptosis Microarray Analysis, or running the sample on the 
QIAxel System (Qiagen), a capillary electrophoresis device, according to the manual 








2.6.3 Gene Expression Studies/Arrays 
2.6.3.1 Oligo GEArray Human Apoptosis Microarray Analysis 
Synthesizing and labelling complementary RNA (cRNA) 
Total RNA was reverse transcribed to complementary DNA (cDNA).  The 
resulting cDNA was transcribed in vitro into biotin-16-UTP labelled cRNA using 
TrueLabeling-AMPTM 2.0 (SuperArray; U.S.A). 
 
Annealing mixture was prepared with 3 µg RNA and 1 µL TrueLabeling 
primers made up to 10 µL with RNase-free H2O, kept at 70°C for 10 minutes, then 
immediately on ice.  A Master Mix containing 4 µL 5× cDNA Synthesis Buffer, 4 µL 
RNase-free H2O, 1 µL cDNA Synthesis Enzyme Mix and 1 µL RNase inhibitor (RI) 
per reaction was then added to the Annealing Mixture, mixed by pipetting and 
incubated at 42°C for 50 minutes.  Samples were kept at 37°C for 5 minutes. 
 
An Amplification Master Mix was prepared with 16 µL of 2.5× RNA 
Amplification Buffer, 2 µL of Biotin-16-UTP (Roche) and 2 µL of Amplification 
Enzyme Mix per reaction required.  The Amplification Master Mix was added to the 
tubes, mixed by pipetting and incubated at 37°C for 4-6 hours.  Sixty microlitres of 
RNase-free H2O was added to each reaction and the reactions were stored on ice. 
 
The resulting mixture of cRNA was purified using RNeasy Mini Kit as 
described above without the DNAse I digestion step (see section 2.6.1 RNA 
extraction).  Purified cRNA is kept at -20°C overnight for the next step. 
 
Hybridisation of Superarray 
Gene expression profile was performed by hybridising the resulting purified 
biotin-labelled cRNA onto Oligo GEArray® Human Apoptosis Microarray (OHS-012; 
SuperArray) in HybTube format.  Arrays were first pre-wet with dH2O.  The following 
steps were carried out at 60°C in a hybridisation oven.  Pre-wet arrays were pre-
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hybridized for 1 hour with continuous agitation at 10 rpm with GEAprehyb (100 µg/mL 
heat-denatured (100°C for 5 minutes) sheared salmon sperm DNA (Superarray) in 
prewarmed GEAhyb hybridisation solution), then hybridized in 6 µg cRNA (see 
Synthesizing and labelling complementary RNA (cRNA)): 750 µL pre-warmed 
GEAprehyb overnight.  Thereafter, the arrays were washed in 2× SSC (0.3 M NaCl, 
30 mM sodium citrate dihydrate (C6H5Na3O7.2H2O) with 1 % SDS, then 0.1× SSC 
with 0.5% SDS at 20 rpm agitation for 15 minutes for each wash. 
Chemiluminescent Detection of Signals 
The following steps were carried out at room temperature using the 
Chemiluminescent Detection Kit (Superarray).  Following washes, arrays were 
blocked in GEAblocking Solution Q for 40 minutes.  Thereafter, arrays were 
incubated for 10 minutes in 1: 8, 000 alkaline phosphatase-conjugated streptavidin: 
1× Buffer F to allow for binding to biotin-labelled cRNA bound to the membrane, 
before washes with 1× Buffer F and Buffer G.  Arrays were then incubated with CDP-
Star chemiluminescent substrate and exposed to X-ray films (Pierce; U.S.A) to obtain 
multiple exposures between 10 seconds and 5 minutes. 
 
Data Acquisition and Analysis 
Digitalized greyscale TIFF images of the X-ray films were analysed for differentially 
expressed genes using GEArray Expression Analysis Suite 2.0 software. 
 
2.6.3.2 Microarray Gene Chip Analysis 
Synthesising and labelling complementary RNA (cRNA) 
Total extracted RNA was first reverse transcribed to cDNA, which was then 
transcribed in vitro to yield biotinylated cRNA of each messenger RNA using 
Illumina® TotalPrep RNA Amplification Kit (Ambion Inc., Austin, TX, USA). 
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Five hundred nanograms of RNA were brought to 11 µL with RNase-free H2O.  
Reverse Transcription Master Mix containing 1 µL T7 Oligo(dT) Primer, 2 µL 10× 
First Strand Buffer, 4 µL dNTP Mix, 1 µL RNase inhibitor and 1 µL ArrayScriptTM 
enzyme per reaction was prepared and added to the RNA, mixed by pipetting and 
incubated at 42°C for 2 hours to synthesize the first strand cDNA.  Second strand 
cDNA synthesis was carried out by adding 80 µL of Second Strand Master Mix 
(containing 63 µL RNase-free H2O, 10 µL 10× Second Strand Buffer, 4 µL dNTP Mix, 
2 µL DNA polymerase and 1 µL RNase H) to each sample and incubating at 16°C for 
2 hours.  Samples were then kept at 4°C for 5 minutes. 
 
Resulting cDNA was purified by adding 250 µL of cDNA Binding Buffer and 
passing the mixture through a cDNA filter cartridge, washing with 500 µL Wash 
Buffer and eluting with 19 µL of RNase-free H2O preheated to 55°C.  Purified cDNA 
was used as a template for in vitro transcription (IVT) to synthesize cRNA by adding 
7.5 µL of IVT Master Mix (containing 2.5 µL 10× T7 Reaction Buffer, 2.5 µL T7 
Enzyme Mix (MEGAScript®) and 2.5 µL Biotin-NTP Mix) to each sample, incubating 
at 37°C for 14 hours, followed by addition of 75 µL RNase-free H2O. 
 
Resulting cRNA was purified by first adding 350 µL cRNA binding buffer, then 
250 µL 100% ethanol and mixed by pipetting, followed by passing samples through a 
cRNA Filter Cartridge, washing with 650 µL Wash Buffer and finally eluting with 100 
µL preheated RNase-free H2O. 
 
Hybridisation of Microarray Chip 
Gene expression profile was performed by hybridising 750 ng of the resulting 
purified biotin-labelled cRNA onto 8-Sample HumanRef-8 v3.0, Human Whole-
Genome Expression BeadChips, (Illumina Inc., U.S.A.) for 16 hours at 58°C.  The 
arrays were washed to rid excess cRNA and stained with Streptavidin-Cy3 (GE 
Healthcare Bio-Sciences, U.K.) following the manual provided. 
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Data Acquisition and Analysis 
 
The arrays were subsequently scanned using an Illumina BeadArray Reader 
according to manufacturer's instructions.  The array data obtained were normalized 
and statistically analyzed using GeneSpring GX 7.3 (Agilent Technologies, U.S.A.).  
Differentially expressed genes (p<0.05, one-way ANOVA) were annotated according 
to Gene Ontology-Biological Process.  Data analysis also involved agglomerative 
average-linkage hierarchical clustering to determine varied patterns and gene 
expression levels following H2O2 treatment. 
 
 
2.6.4 Real Time RT-Polymerase Chain Reaction (PCR) 
Real time RT-PCR was used to validate SuperArray and Microarray results.  
First, RNA was transcribed into cDNA followed by real time PCR to quantify specific 
mRNA expression of selected genes normalized to the expression of beta-actin, a 
house-keeping gene, using LightCycler® 480 SYBR Green I Master (Roche). 
 
cDNA Synthesis – Reverse Transcription (RT) 
Extracted RNA was reversed transcribed with Transcriptor First Strand cDNA 
Synthesis Kit (Roche).  Template-primer reaction was prepared with 1 µg total RNA 
and 2 µL random hexamers (to make a final concentration of 60 µM) made up to 13 
µL with PCR-grade H2O, denatured at 65°C for 10 minutes in a thermal block cycler 
with heated lid, and cooled immediately on ice.  A master mix containing 4 µL 5× 
Transcriptor Reverse Transcriptase Reaction Buffer, 20 U Protector RNase Inhibitor, 
deoxynucleotide (dNTP) mix of 1 mM each and 10 U Transcriptor Reverse 
Transcriptase was prepared, and 7 µL of this master mix was mixed into the 
template-primer reaction by pipetting.  The RT reaction was carried out at 25°C for 10 
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minutes, then 50°C for 60 minutes.  The enzyme was inactivated at 85°C for 5 
minutes and the reaction was stopped on ice. 
 
Real Time Polymerase Chain Reaction (PCR) to validate Superarray results 
LightCycler® 480 SYBR Green I Master (Roche) was used to quantify specific 
mRNA expression of selected genes from Superarray results normalized to beta-
actin expression.  A master mix containing 2 µL 100× diluted cDNA, 6 µL PCR-grade 
H2O and 10 µL provided 2× Master Mix per reaction was prepared and aliquoted into 
each well.  Two microlitres of PCR primers (5 µM each of forward and reverse) of the 
genes of interest were added into each well.  A negative control with the cDNA 
replaced with dH2O was included in each run.  The reaction was carried out under 
the following conditions: 5 minutes initial hold at 95˚C, 45 cycles of 95°C for 10 
seconds, 57°C for 10 seconds and 72°C for 15 seconds, and finally a 5-second hold 
at 95°C and a 1-minute hold at 65°C before cooling to 40˚C.  The genes of interest 
sequences are shown in Table 1.  All primers were run simultaneously with beta-actin 
in duplicate.  Data were analyzed with LightCycler® 480 software version 1.2.9.11. 
 
 Relative quantification of the genes was calculated using normalized relative 
ratio (ETCpT (C) – CpT (S) × ERCpR (S) – CPR (C)) where E: efficiency value specific for each set 
of primers calculated from performing a standard curve with serial dilutions of cDNA, 
Cp: Crossing over point, T: target gene, R: reference (housekeeping) gene, C: 




2.7 Protein Expression Studies 
Treated cells were washed in ice cold 1× PBS and harvested by scraping. 
Cells were first lysed in lysis buffer (10 mM Tris-HCl (pH 7.4), 1% SDS, 1 mM sodium 
ortho-vanadate (Sigma)), followed by homogenisation with a 29½” syringe to shear 
DNA.  Lysate was then centrifuged at 16,100 g at 4°C for 6 minutes.  The 
supernatant was collected and estimated for protein concentrations using micro 
BCATM Protein Assay Kit (Pierce).  Briefly, 1 µL of lysate diluted with 249 µL dH2O 
was incubated with 250 µL micro BCA working reagent (25 parts solution A: 24 parts 
solution B: 1 part solution C) at 60°C for 90 minutes.  The protein concentration was 
quantified against BSA protein standards (1 µg/mL – 40 µg/mL). 
 
Equal amounts of protein (~ 40 µg) was loaded into and run on either 7.5% or 
10% SDS-polyacrylamide gels before electro-blotting onto a nitrocellulose membrane 
(Biorad Co.).  Protein transfer was checked using Ponceau reagent (0.5% w/v 
Ponceau S (Sigma), 1% v/v glacial acetic acid in dH2O).  Membranes were then 
blocked at room temperature for 60 minutes with 5% non-fat milk powder in TBS-T 
(0.1% v/v Tween-20 (Sigma) in 1× TBS (10 mM NaCl, 10 mM Tris pH 7.4 in dH2O).  
After blocking, membranes were incubated with primary antibodies specific for the 
protein of interest then washed in TBS-T to remove excess antibody.  Thereafter, 
membranes were incubated in secondary antibodies specific for the primary antibody 
at room temperature for 1 hour, then washed in TBS-T to remove excess antibody. 
 
Primary antibodies used were the mouse monoclonal antibodies for p53 (DO-
1, 1:1,000; Santa Cruz, U.S.A.), p21 (F-5, 1:500; Santa Cruz), Survivin (D-8, 1:500; 
Santa Cruz), GADD 45α (4T-27, 1:1,000; Santa Cruz),  cIAP (B75-1, 1:1,000; BD 
PharmingenTM, U.S.A.) and actin (C4, 1:3,000; Chemicon, U.S.A.), rat monoclonal 
antibody for Apaf1 (18H2, 1:1,000; Chemicon), rabbit polyclonal antibodies for XPA 
(FL-273, 1:100; Santa Cruz) and XPB (S-19, 1:100; Santa Cruz), and the rabbit 
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monoclonal antibody for TNFR1 (C25C1, 1:1,000; Cell Signaling Technology, Inc., 
U.S.A.). 
 
Secondary antibodies used were goat anti-mouse Ig G (H+L)-HRP (1:5,000; 
Pierce), sheep anti-rabbit Ig G (H+L)-HRP (1:5,000; Pierce) or goat anti-rat Ig G 
(H+L)-HRP (1:5,000; Pierce) depending on the primary antibody used.  Protein 
bands were visualized against a protein marker (Biorad) after the membranes were 
incubated with Supersignal® West Pico Chemiliminescent Substrate (Thermo 
scientific, U.S.A) and exposed to X-ray films (Pierce). 
 
 
2.8 Long Term Study 
2.8.1 Cells and treatment 
2 × 105 cells were seeded in T75 (Nunc) tissue culture flasks.  Cells were 
subjected to a 30-day low dose chronic treatment.  Cells were either treated with 10 
µM H2O2 every 2 days with media changed prior to each treatment, with 20 µM H2O2 
every 2 days with media changed prior to each treatment or were maintained in a 
40% O2 incubator with media changed every 2 days.  A parallel set of cells had a 
media change every 2 days when grown in standard culture conditions. 
 
2.8.2 Population doubling (PD) 
Cells were harvested on days 6, 12, 18 or 30 and counted using a 
haemocytometer.  A fresh tissue culture flask was then reseeded with 2 × 105 cells or 
all the cells if cell numbers were less than 2 × 105. 
 
A portion of the remaining cells was reseeded in 12-well plates for 
senescence-associated β-galactosidase (SA-βgal) assay and the rest kept for DNA 
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extraction for Telomere Restriction Fragment (TRF) analysis (refer to subsequent 
sections). 
 
The population doubling number (PDN) was calculated as follows: 
PDN = log2(N0/Nx), 
where N0 = number of cells at harvest and Nx= number of cells seeded. 
 
2.8.3 Morphology by light microscopy 
Cells were observed under a light microscope at 40× and 100× magnifications 
before media changes.  Morphology of the cells was photographed using an 
Olympus C-7070 WZ digital camera (Japan). 
 
2.8.4 Senescence Associated ß-Galactosidase (SA-ß gal) Staining 
On days 1, 6, 12, 18 and 24 of the PD study, some cells were seeded in 6-
well plates (Nunc) and tested for a senescence marker, SA-ß gal, using the 
Senescence β-Galactosidase Staining Kit (Cell Signaling Technology) following 
manufacturer’s instructions.  Attached cells were washed twice with 1× PBS, fixed 
with 1× Fixative Solution (2% formaldehyde, 0.2% glutaraldehyde in 1× PBS) for 15 
minutes at room temperature, washed twice with 1× PBS, and incubated overnight at 
37°C with 1 mL staining solution (40 mM citric acid/ sodium phosphate, 0.15 M NaCl, 
2 mM magnesium chloride) containing 5 mM potassium ferrocyanide, 5 mM 
potassium ferricyanide, 1 mg X-gal in N-N-dimethylformamide (Sigma).  Cells were 
observed under a light microscope for bluish stain indicative of presence of SA-β-gal.  
Photographs were taken at 40×, 100× and 200× magnifications with an Olympus C-




2.8.5 Cell Size 
Cells have been shown to increase in size during senescence (Kumazaki et 
al., 1991).  On days of harvest during the PD study, trypsinized cells were observed 
under a light microscope and measured for cell diameter using a micrometer 
eyepiece. 
 
2.8.6 Telomere Length measurement by Terminal Restriction Fragment 
(TRF) 
DNA extraction 
Treated cells were harvested by trypsinization.  Total DNA was extracted 
using DNeasy Tissue Kit (Qiagen) at room temperature.  Pelleted cells were 
resuspended in 200 µL 1× PBS.  Thereafter, 200 µL AL Buffer and 20 µL Proteinase 
K were added to lyse the cells and remove proteins.  The mixture was vortexed and 
incubated at 70°C for 10 minutes, followed by the addition of 200 µL of 100% 
ethanol.  The mixture was vortexed and applied to DNeasy Mini Spin Column for 
adsorption of DNA to the column membrane.  Washes with AW1 and AW2 were then 
carried out before eluting with AE buffer. 
 
TRF using TeloTAGGG Telomere Length Assay kit (Roche) 
 Two micrograms of genomic DNA was digested with Hinf I and Rsa I 
restriction enzymes at 37°C for 2 hours to cut non-telomeric DNA into low molecular 
weight fragments, leaving only the sub-telomeric and telomeric DNA uncut.  Digested 
DNA was resolved on a 0.8 % agarose gel at 60 V.  The gel was then prepared for 
southern blotting by first submerging in 0.25 M HCl, followed by denaturation in 0.5 M 
NaOH/3 M NaCl and neutralisation in 0.5 M Tris-HCl/3 M NaCl.  Southern blotting 
was then carried out, where DNA fragments were transferred overnight by capillary 
transfer to a positively charged nylon membrane.  The blotted DNA fragments were 
then UV-cross-linked to the membrane and hybridized with digoxigenin (DIG)-
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labelled probe specific for telomeric repeats, followed by incubation with anti-DIG 
conjugated with alkaline phosphatase before adding detection buffer and substrate 
for signal detection.  Telomere signals were exposed to X-ray film (Pierce), their 
lengths determined by comparing the signals to a molecular weight marker standard 
using Kodak Molecular Imaging Software (Carestream Molecular Imaging; U.S.A).  
Decrease in telomere length was then expressed as a function of PDN to assess the 
rate of telomere shortening. 
 
 
2.9 Statistical Analysis 
Statistical significance between and among data sets was assessed using 
two-way ANOVA, using Graphpad Prism.  The difference was considered to be 
statistically significant when *P < 0.05; **P<0.01; and ***P<0.001. 
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CHAPTER 3 
Role of Xeroderma Pigmentosum A (XPA) protein in 




The XPA protein plays a pivotal role in the nucleotide excision repair (NER) 
pathway.  A petite protein of 31 kDa, XPA interacts with numerous other factors in 
the pathway including RPA, ERCC1/XPF, XPC/hHR23B/centrin 2 and TFIIH 
(Bootsma et al., 2002).  The affinity of the DNA-binding domain of XPA for double 
strand-single strand junctions allows for site-directed binding of rigidly kinked double-
stranded DNA.  In this way, XPA verifies abnormal DNA backbone structures and 
performs an architectural role by preventing excessive DNA-unwinding, stabilizes the 
pre-incision complex, and orchestrates proper assembly and orientation of 
subsequent repair molecules (Wood, 1997; Kobayashi et al., 1998; Missura et al., 
2001).  XPA is also needed for the damage incision process (Wakasugi and Sancar, 
1998; Riedl et al., 2003) as it is required for the recruitment and positioning of the 
structure-specific DNA nucleases XPG and ERCC1/XPF1 (Wood, 1997).  With such 
an extensive role, it is not surprising that patients suffering from XP complementation 
group A (XP-A) suffer the most severe clinical presentations (Bootsma et al., 2002). 
 
Oxidative stress has been implicated in some clinical manifestations of XP 
(internal cancers, developmental defects and neurodegeneration) that cannot be 
explained by UV-exposure alone (Reardon et al., 1997; Kyng et al., 2003; Kraemer et 
al., 2007; Hanawalt and Spivak, 2008).  Moreover, the NER has been shown to be 
involved in the removal of certain oxidative DNA damages (Satoh et al., 1993; Satoh 
and Lindahl, 1994; Friedberg et al., 1995; Kuraoka et al., 2000; Brooks et al., 2000; 
Rybanska and Pirsel, 2003; Sugasawa, 2008) and XPA-deficient cells have been 
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demonstrated in vivo and in vitro to be defective in the repair of oxidative DNA base 
lesions (Lipinski et al., 1999; de Boer et al., 2002).  However, the role of XPA in 
repairing ROS-induced DNA damage and the effects of oxidative assault on such 
cells are yet to be studied. 
 
There is increasing evidence that DNA repair proteins such as ATM, WRN 
and the NER factor XPF/ERCC1 complex are involved in the mechanisms of 
telomere maintenance and implicated in telomere shortening associated with 
premature senescence, telomere-related chromosome aberrations and premature 
ageing disorders (reviewed in Hande, 2004; Slijepcevic, 2008; d'Adda di Fagagna, 
2008; Low and Hande, 2008).  Consistent with this, aged human cells have been 
found to have reduced constitutive levels of XPA (Goukassian et al., 2000) and 
knocking out XPA in CSA-, CSB- or XPD-deficient mice augmented the otherwise 
mild progeroid features of these single knock-out mice (Murai et al., 2001; de Boer et 
al., 2002).  We thus propose that XPA may play a role in telomere homeostasis in 
addition to its part played in global genome protection.  
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3.2 Objectives 
As such, we sought to determine the involvement of XPA in oxidative DNA 
damage-repair and telomere dynamics by treating primary fibroblasts and 
lymphoblastoid cells transformed from an XP-A patient – hereafter known as XP-A 
and XPA-L respectively – with sodium arsenite (hereafter known as As3+), H2O2 or 
increased ambient O2 partial pressure of 40% (40% O2).  After subjecting the cells to 
oxidative stress, we performed assays related to survival, genome stability and 
growth kinetics.  With this we set out to achieve the following objectives: 
 
1) To examine the sensitivity of cells lacking XPA to oxidative stress 
2) To investigate the role of XPA in oxidative damage-repair competency and 
genomic stability. 
3) To understand the role of XPA in growth kinetics and telomere dynamics. 
4) To investigate the role of XPA in oxidative stress response mechanisms. 
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3.3 Results 
3.3.1 Oxidative stress decreases cell viability, with XPA-deficient cells 
showing less sensitivity 
The cell viability of fibroblasts significantly decreased following As3+ treatment 
(P < 0.05) but this decrease was not dose-dependent (Figure 5A).  In addition, there 
was no significant differences between control fibroblasts, IMR-90 and Normal, and 
XP-A fibroblasts treated with As3+.  It is noted that XP-A fibroblasts were less 
sensitive to As3+-induced cell death.  H2O2-treated fibroblasts on the other hand 
exhibited a dose-dependent decrease in cell viability (Figure 5B).  At 40 µM H2O2 and 
above, the viabilities of both control fibroblasts were significantly lower than that of 
XP-A (P < 0.05).  While the viabilities of both control fibroblasts were less than 50% 
at H2O2 doses above 40 µM, these H2O2 concentrations remained sub-lethal to XP-A 
fibroblasts (Figure 5B). 
 
Although both control lymphoblastoid cell types exhibited dose-dependent 
decrease in viabilities (P < 0.05), XPA-L cells did not exhibit a dose-dependant 
change in viability following H2O2 treatment (Figure 5C).  Furthermore, XPA-L 
lymphoblastoids, like their fibroblast counterparts, also exhibited significantly higher 
viability (P < 0.05) than normal lymphoblastoids but at H2O2 concentrations of 60 µM 
and above (Figure 5C).  The discrepancy of cell viabilities between XPA-deficient 
cells and control cell types prompted us to look at cell cycle kinetics following 
treatment to determine whether the lack of decrease in cell viability in XPA-deficient 





3.3.2 XP-A fibroblasts display G1 and S phase arrest at a lower dose as 
compared to Normal fibroblasts after As3+ treatment 
Both Normal and XP-A fibroblasts arrested at G2/M phase of the cell cycle 
with low doses of As3+ but arrest occurred at the S phase, and subsequently the G1 
phase with increasing As3+ doses (Figure 6).  However, XP-A fibroblasts showed 
arrest in the G2/M phase at only the lowest dose of 0.5 µg/mL As3+, accompanied by 
slight S phase arrest (Figure 6B).  Importantly, XP-A fibroblasts arrested at a slightly 
earlier phase (or sub-phase) compared to Normal fibroblasts treated with the same 
concentration of As3+ (Figure 6).  This observation is consistent with the bimodal 
peak observed in XP-A fibroblasts, which displayed cell cycle arrest at G1/early S 
phase, whereas Normal fibroblasts were arrested later in the cell cycle at mid/late S 
phase (Figure 6A and B; 2.0 µg/mL).  G1 arrest began to supersede S phase arrest 
in XP-A fibroblasts treated with 3.0 µg/mL As3+.  Doses beyond 3.0 µg/mL did not 
produce significant differences in the cell cycle profiles of XP-A fibroblasts. 
 
3.3.3 XP-A fibroblasts retain G2/M arrest following H2O2 treatment 
Both Normal and XP-A fibroblasts treated with 20 µM H2O2 showed a 
comparable cell cycle profile with their untreated counterparts and displayed an 
increase in G2/M arrest at 40 µM H2O2 (Figure 7).  However, while there was an 
increase in the G2/M population with increasing H2O2 concentrations, with an 
increase in the S phase population at 100 µM for XP-A fibroblasts (Figure 7B), 
Normal fibroblasts began to exhibit G1 arrest at 60 µM (Figure 7A). 
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3.3.4 XPA-L lymphoblastoids do not display obvious changes in cell 
cycle profiles following H2O2 treatment 
In response to H2O2 treatment, cell cycle profiles of normal lymphoblastoids 
did not change noticeably except for a slight increase in sub-G1 population at higher 
concentrations (Figure 8A and B) while XPA-L lymphoblastoids did not show any 
remarkable changes (Figure 8C).  
 
To ascertain if cell cycle arrest and profile changes were associated with 








3.3.5 XPA-deficient cells display significantly more DNA damage than 
control cells following oxidative damage 
3.3.5.1 Cytokinesis-blocked micronucleus assay 
Cells that have completed a single nuclear division immediately following 
oxidative assault were arrested at cytokinesis with cytochalasin B to yield binucleated 
(BN) cells as described above.  BN cells from each sample were scored for the 
presence and distribution of micronuclei (MN) as shown in Table 2.  The summary of 
the MN frequency expressed as the percentage of BN with MN and the percentage of 
total MN per 1000 BN cells are collated in Table 3.  Examples of BN cells with and 
without the presence of MN captured by an Axioplan 2 imaging fluorescent 
microscope (Carl Zeiss, Germany) with a triple-band filter are shown in Figure 9A-C. 
 
Both the frequency of BN with MN and the MN frequency increased 
significantly with increasing oxidative stress inflicted by As3+ and H2O2 treatment (P < 
0.05; Table 3).  At any particular As3+ concentration, there was no significant 
difference between the control cells, Normal and hTERT-BJ, for both the frequency of 
BN with MN and the MN frequency (Figure 9D and E respectively).  Untreated XP-A 
fibroblasts also showed no significant difference from that of both hTERT-BJ and 
Normal fibroblasts (P > 0.05). In contrast, at higher concentrations of As3+, XP-A 
fibroblasts exhibited a significantly higher BN with MN frequency and MN frequency 
compared to that of the control cell types (P < 0.05; Figure 9D and E respectively, 
Table 3A).  XP-A fibroblasts also displayed increased frequency of BN with three or 










Though 60 µM H2O2 or higher doses did not yield enough BN cells for 
accurate analysis probably owing to cell cycle arrest, lower doses of H2O2 (20 and 40 
µM) were sufficient to significantly increase the occurrence of MN in XP-A fibroblasts 
compared to Normal fibroblasts (Figure 9F and G, Table 3B).  In addition, the 
frequency of BN with three or more MN following H2O2 treatment was higher in XP-A 
fibroblasts than in its Normal counterparts (Table 2B).  On the contrary, unlike XP-A 
fibroblasts, XPA-L lymphoblastoids did not exhibit significant changes in the 
frequency of BN with MN and the MN frequency compared to control lymphoblastoids 
(P > 0.05) even though these frequencies increased significantly in a dose-
dependent manner in all cells (P < 0.05; Figure 9H and I respectively, Table 3C). 
 
3.3.5.2 Chromosome Aberration assay 
DNA damage was further assessed via the induction of chromosomal 
aberrations (CA).  Cells were allowed to grow overnight with fresh medium 
immediately following treatment with As3+ or H2O2.  Thereafter, they were arrested at 
metaphase with colcemid as described above.  CA such as chromosomal fragments, 
breaks, and fusions were scored and the distribution of CA, expressed as CA/cell, is 
represented in Table 4.  Examples of aberrations from metaphase spreads captured 
are shown in Figure 10A-R.  Figure 10S-U shows the distribution of total CA/cell and 
as seen, oxidative stress increased the frequency of CA in a dose-dependent 
manner, with XPA-deficient cells harbouring higher CA frequency than the control 
counterparts. 
 
Treatment with As3+ increased the frequency of CA in both Normal and XP-A 
fibroblasts (P < 0.05; Figure 10S, Table 4A).  While only XP-A fibroblasts showed 
significantly increased CA frequency following As3+ treatment (P < 0.05; Table 4A), 
there was no significant difference between treated cell types (P > 0.05; Figure 10S).  





fibroblasts treated with 2.0 µg/mL As3+ (Table 4A).  A dicentric chromosome is a 
fusion of two chromosomes which have lost their telomeres and joined together, 
resulting in a chromosomal structure with two centromeres (Figure 10J).  Other 
aberrations in the analysis were found to be mainly breaks that are of the kind with 
complete severance or obvious dislocation of the terminal region of a chromosome 
arm (Figure 10F-H). 
 
Following H2O2 treatment, XP-A fibroblasts exhibited significantly higher CA 
frequency than Normal cells and there were significantly more aberrant XP-A 
fibroblasts (P < 0.001; Figure 10T, Table 4B).  While the type of aberrations detected 
were predominantly chromosomal breaks, treated XP-A cells displayed higher 
frequency of rare chromosomal fusions only in the form of dicentric chromosomes 
(Table 4B).  Metaphase spreads could not be obtained at higher treatment doses for 
fibroblasts, probably owing to excessive damage, which inhibited the cells from 
entering mitosis. 
 
Treatment with H2O2 led to an overall increase in CA and number of aberrant 
cells in all lymphoblastoids.  Notably, XPA-deficient lymphoblastoids exhibited a 
larger increase in total aberrations, specifically breaks, than Normal counterparts 
following treatment (Figure 10U, Table 4C), which was only significant at 100 µM 
H2O2.  It is interesting to note that only lymphoblastoid cells showed complex fusions 
such as those seen in Figure 10 N-R, and interstitial deletions scored as breaks as 
seen in Figure 10 B-E. 
 
3.3.6 Lack of XPA function results in compromised capacity to repair 
oxidative DNA lesions 
To compare the ability of the cells to recover from oxidative genotoxic assault, 
we compared the overall genomic integrity of cells following treatments.  Cells were 
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harvested at two time points: the first one was immediately after treatment and the 
second one after recovery in fresh medium without drug.  Harvested cells were 
subjected to electrophoresis and the resulting comets were analysed for tail 
moments, a function of tail size and fluorescence intensity (Collins, 2004).  Figure 
11A and B depict a SYBR-Green stained nucleus showing apparently no damage 
and one with a comet tail indicative of DNA damage respectively. 
 
Fibroblasts treated with As3+ did not exhibit dose-dependent increase in tail 
moments (Figure 11C and D).  Fibroblasts only exhibited an increase in As3+-induced 
tail moments compared to untreated counterparts at 2.0 and 3.0 µg/mL for Normal 
fibroblasts and 2.0 µg/mL only for XP-A fibroblasts (P < 0.05).  Interestingly, at 2.0 
and 3.0 µg/mL 24 h treatment, Normal fibroblasts exhibited higher tail moments than 
XP-A counterparts (Figure 11D).  However, at 2.0 µg/mL, they were capable of 
repairing the induced damage shown by the decrease in tail moment following 
recovery (P < 0.001; Figure 11C).  Higher doses of As3+ at 3.0 and 4.0 µg/mL for both 
Normal and XPA fibroblasts resulted in no change in tail moments immediately after 
treatment and recovery.  At recovery, there no was significant difference between 
XP-A and Normal fibroblasts (P > 0.05; Figure 11E). 
 
Tail moment increased with H2O2 dose at the 2 h time point from 40 µM (P < 
0.001), with a decrease following the 22-h recovery period (P < 0.001, Figure 11G 
and F respectively), demonstrating that DNA damage had occurred in response to 
H2O2 and that repair had taken place during the 22-h recovery.  Although untreated 
XP-A fibroblasts showed no significant difference in tail moment from that of 
untreated Normal fibroblasts (P > 0.05), XP-A fibroblasts consistently showed greater 
tail moments both immediately after H2O2 treatment and following the 22 h recovery 
(Figure 11G and F respectively).  This difference was especially significant at 80 and 










All lymphoblastoids exhibited a dose-dependent increase in tail moments 
following the 2-h treatment with H2O2 and this increase was significant in XPA-L 
(P<0.01) but not in normal lymphoblastoids (Figure 11I and J).  XPA-L also showed 
significant increase in tail moments following the 2-h treatment with 60 µM H2O2 
onwards compared to their untreated counterparts (P < 0.01), which was also 
significantly higher than that of normal lymphoblastoids (Figure 11J).  Post 22-h 
recovery, tail moments of all lymphoblastoids were lower than the initial 2-h treatment 
(Figure 11I), indicating repair.  However, there was no significant difference between 
the cell types (Figure 11K) at this time point. 
 
3.3.7 Differential apoptosis-related gene and protein expression 
patterns in XPA-deficient and Normal fibroblasts following As3+ 
treatment using Superarray 
As cells exposed to As3+ exhibited cell cycle arrest but minimal cell death, we 
sought to investigate the differential gene expression patterns of the apoptotic 
pathways in XP-A and Normal fibroblasts following As3+ (1.5 µg/mL) treatment for 24 
h using Oligo GEArray Human Apoptosis Microarray analysis (Superarray; Figure 
12A).   The 2-dimensional (2-D) hierarchical clustering of the analysis is shown in 
Figure 12B and the summary of the analysis among the different groups (untreated 
versus treated, XPA-deficient versus Normal) is displayed in Table 5.  Analysis 
indicates at least 10 differentially expressed genes categorized into the TNF 
receptor, Bcl-2, p53 and DNA damage response, and anti-apoptosis families. 
 
The data was validated by real time PCR.  Gene expression changes of pro-
apoptotic and anti-apoptotic genes are shown in Figure 13A and B respectively.  
Interestingly, although treated XP-A fibroblasts showed up-regulation of pro-apoptotic 
genes (TNF receptor genes as well as BNIP3L), they did not exhibit cell death as 












Surprisingly Survivin was down-regulated in both cell types.  Together with this 
finding, anti-apoptotic genes such as BAG3, MCL-1, and CIAP1, were up-regulated. 
The product of CIAP1 inhibits caspases thus inhibiting apoptosis directly.  Repair 
gene GADD45 was also found to be up-regulated following treatment. 
 
Western blotting was also used to validate this data (Figure 14).  As 
expected, XPA protein was not detected in XP-A fibroblasts.  Consistent with the RT-
PCR results, TNFR1, GADD 45 and cIAP1 was up-regulated, and Survivin was 
down-regulated.  In addition, XPB protein was up-regulated in XP-A fibroblasts 
following arsenite treatment. 
 
3.3.8 Differential gene expression patterns in XPA-deficient and Normal 
fibroblasts following arsenite and H2O2 treatment using 
Microarray 
Microarray was performed on fibroblasts exposed for 24 h to 1.5 µg/mL As3+.  
The 2-D hierarchical clustering of the analysis is shown in Figure 15A with the brief 
overview of the number and percentage of genes differentially expressed in different 
biological processes displayed in Figure 15B.  Microarray was also performed on 
fibroblasts exposed to 40 µM H2O2.  The 2-D hierarchical clustering of the analysis of 
cells treated with H2O2 for 2 h and of treated cells allowed to recover for 22 h in fresh 
medium without H2O2 (24 h) is shown in Figure 16A with the brief overview of the 
number and percentage of genes differentially expressed in different biological 
processes displayed in Figure 16B.  Select genes categorized into three main 
clusters: cell death, DNA damage-repair and cell cycle regulation, for arsenite-treated 











3.3.9 Fibroblasts exhibit senescent features earlier when subjected to 
oxidative stress, with XP-A fibroblasts showing accelerated signs 
of senescence compared to Normal fibroblasts 
Based on the results of the dose response studies, we selected an H2O2 dose 
of 20 µM to investigate the effects of low dose chronic oxidative stress on the 
fibroblasts.  At 20 µM H2O2, non-significant changes in cell viability and cell cycle 
profiles (Figures 5B and 7 respectively) were detected in these cell types.  In addition 
to H2O2, hyperoxia was used as additional parameter to offer a broader perspective 
of chronic oxidative stress, where an additional set of cells was cultured in 40% O2. 
 
To understand the growth rate of the fibroblasts, we first looked at the 
population doubling number (PDN) over a period of 6 days (Figure 17A) and found 
that XP-A fibroblasts required a longer time to double compared to Normal cells.  We 
then cultured these cells for 30 days under chronic oxidative stress with a paired 
control that was cultured under standard conditions.  Cells were then harvested and 
counted when untreated cells of each cell type reached 90% confluence.  Thereafter 
the PDN was tabulated and plotted in a time graph (Table 7 and Figure 17B).  
Consistent with Figure 17A, untreated XP-A cells displayed slower doubling 
compared to that of Normal cells.  Under oxidative stress, the PDN of both cell types 
reduced drastically.  Importantly, while the population doubling (PD) of Normal cells 
under oxidative stress was affected, these cells showed a slight increase in PD with 
time.  In contrast, XP-A cells following oxidative stress showed no progression in 
doubling, with PDN being close to zero. 
 
Next to retardation of cell doubling, other parameters indicative of 
senescence were investigated.  These included changes in cell morphology (Figure 
17C) where young fibroblasts that are typically elongated become enlarged, flattened 
and more granulated during senescence, expression of senescence-associated beta-
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galactosidase (SA ß-gal) (Figure 17D) and increase in cell volume (Table 8 and 
Figure 17E). 
 
Under standard culture conditions, cell enlargement and flattening were 
observed in untreated Normal and XP-A cells on days 27 and 17 respectively (Figure 
17C).  Chronic oxidative stress accelerated the appearance of senescent morphology 
of both Normal and XP-A cells.   However, Normal cells exhibited cell body 
enlargement and flattening at day 12 and 17 when exposed to 20 µM H2O2 and 40% 
O2 respectively while XP-A cells exhibited these characteristics much earlier, at day 
6, for both kinds of exposures (Figure 17C). 
 
Expression of SA ß-gal, depicted by blue staining, was not detected in 
untreated Normal cells but was detected on day 12 when cells were exposed to 20 
µM H2O2 (Figure 17D).  Even then, minimal staining was detected.  Normal cells 
treated with 40% O2 however did not exhibit any SA ß-gal expression following 
treatment albeit showing cell enlargement, flattening and granulation (Figure 17D).  
SA ß-gal staining was detected earlier in XP-A cells compared to Normal cells under 
all conditions; untreated XP-A cells showed staining at day 14 and XP-A cells 
exposed to 20 µM H2O2 or 40% O2 both stained positive at day 6 (Figure 17D) 
indicating SA ß-gal expression. 
 
In the first six days, there were no significant differences in the cell volumes 
between cell types nor between treatments nor when compared to the start of the 
treatment (Table 8 and Figure 17E).  However, by day 30, both Normal and XP-A 
cells showed significant increase in cell volumes when compared to the beginning of 
the treatment regardless of condition (P < 0.01; Figure 17E).  Also, following both 
treatment conditions, both Normal and XP-A cells showed significant increase in cell 
volumes as compared to untreated counterparts (P < 0.001) at day 30 (Figure 17E).  
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Untreated and 20 µM H2O2-treated XP-A cells were significantly larger in volume 
compared to that of Normal counterparts (P < 0.05) at day 30 (Figure 17E). 
 
3.3.10 XP-A fibroblasts are more sensitive to telomere attrition 
Total DNA was extracted from cells at the beginning and end of chronic 
exposure to oxidative stress respectively and subjected to terminal restriction 
fragment (TRF) length analysis, where non-telomeric and non-subtelomeric DNA 
were digested using Hinf I and Rsa I restriction enzymes.  Figure 17F shows an 
image of the southern blot of the TRFs from both Normal and XP-A.  Over the 30-day 
period, both Normal and XP-A cells showed telomere shortening regardless of 
condition (Table 9 and Figure 17G).  Even though there did not seem to be any 
particular trend of telomere attrition between the two cell types (Table 10 and Figure 
17H), it is apparent that XP-A cells spontaneously lose telomeres as seen in the 
increased telomere attrition in untreated cells compared to the Normal cells.  Despite 
the lack of trend, when the TRF length attrition is divided by the PDN to give the rate 
of TRF length attrition, XP-A cells displayed increased attrition rate compared to 





















 3.4 Discussion 
Our results indicate that even at high As3+ doses for 24 h, decrease in cell 
viability was at a minimum as indicated by crystal violet assay and cell cycle profiles.  
Although As3+ has also been shown to induce apoptosis via ROS production and 
caspase 3 activation (Chen et al., 1998), and to mediate p53 up-regulation via the 
ATM-dependent pathway (Yih and Lee, 2000), a 24-h treatment may be insufficient 
to observe apoptosis.  To induce apoptosis with As3+, a longer period of exposure 
may be required (Komissarova et al., 2005).  Our data supports earlier observations 
that 100 µM H2O2 is sub-lethal to several types of fibroblasts (Chen et al., 2001; 
Tchirkov and Lansdorp, 2003; Duan et al., 2005).  However, both XPA-deficient 
fibroblasts and lymphoblastoids were less sensitive to H2O2-induced cell death 
compared to their control counterparts, possibly because the control cells possess a 
functional NER pathway, resulting in more competent damage-sensing and death 
signalling pathways.  Our next step was to investigate the effects on cell cycle 
following oxidative stress. 
 
We found that when we administered As3+ at lower concentrations, cells 
arrested at the G2/M phase but with increasing concentrations, the trend of arrest 
gradually shifted towards the S phase and subsequently the G1 phase.  This could 
be because at lower doses of As3+, cells are permitted to pass through the earlier 
checkpoints in the cell cycle which are otherwise more difficult to ease through at 
higher concentrations that induce greater damage.  Interestingly, XP-A fibroblasts 
consistently arrested at an earlier sub-phase or phase (Figure 6) compared to that of 
the Normal fibroblasts at any particular As3+ concentration, possibly due to the 
incapability to efficiently eradicate mutagenic alterations, thus increasing the difficulty 
of the cells to gain entry into the next cell cycle phase. 
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H2O2-treated XP-A fibroblasts on the other hand exhibited dose-dependent 
G2/M phase arrest.  This retention of G2/M arrest and lack of G1 arrest points to two 
possibilities.  Firstly, the amount of damage sustained following H2O2 treatment may 
be insufficient to arrest cells lacking XPA at the G1 phase.  Secondly, G1 arrest in 
XP-A fibroblasts may be defective with regards to H2O2-induced damage.  Inability to 
arrest in the G1 phase in response to oxidative damage is a phenomenon seen in 
some cancer cells (Shackelford et al., 2000).  In earlier reports, lack of XPA has been 
implicated in abolishment of G1 and G2 checkpoint responses (Giannattasio et al., 
2004; Bomgarden et al., 2006).  In either case, there appears to be a lack of proper 
G1 checkpoint activation in H2O2-treated XP-A cells.  Of peculiar interest, 
lymphoblastoids displayed minimal changes in cell cycle profiles following H2O2 
treatment as well as decreased cell death, possibly owing to changes in their 
disposition following transformation.  XPA-L in particular showed no noticeable 
changes following H2O2 treatment and seemed to be resistant to H2O2 treatment 
altogether. 
 
We have shown that As3+ and H2O2 elicit disparate responses in the 
fibroblasts, indicating that the mode of action of As3+ is different from that of H2O2.  
Nonetheless, our results show that XPA-deficient cells are more tolerant to moderate 
oxidative damage-induced cell death and have differing cell cycle checkpoints from 
that of controls.  As cells occasionally proceed with the cell cycle before damage is 
rectified (Shackelford et al., 2000), our results suggest that H2O2–treated XPA-
deficient cells may be at a higher risk of accumulating oxidative DNA damage while 
proceeding with the cell cycle, predisposing to genome instability and cancer, as 
seen in the increased risk of various cancers in XP-A patients.  In addition, our 
findings suggest that the susceptibility to As3+-induced cell cycle arrest was possibly 
due to increased damage incurred or defective repair. 
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Oxidative stress in cell cultures may lead to chemical modification of proteins, 
lipid peroxidation and DNA lesions such as single- and double-stranded breaks 
(Brawn and Fridovich, 1981; Sies and de Groot, 1992; Stadtman, 2006).  To test for 
genomic instability after oxidative stress, the CBMN, CA and SCGE assays were 
used as biomarkers for DNA damage (Fenech, 2002).  While CBMN and CA 
demonstrate the clastogenic effects of oxidative stress, SCGE reveals the overall 
DNA damage that result in a comet tail.  Presence of MN indicates the loss of vital 
genetic material either in the form of acentric fragments, centric fragments or even 
whole chromosomes. Chromosome alterations often result in truncated proteins 
predisposing to apoptosis and mis-regulation of genes, which pose as a risk factor for 
cancer. 
 
Although untreated XP-A fibroblasts seemed to maintain genomic stability, we 
show that low levels of oxidative stress are sufficient to increase genomic instability 
significantly in XP-A fibroblasts.  This observation is consistent with the clinical 
features of XP-A patients who exhibit profound neurological disorders due to 
neuronal death and severe cancers due to chromosomal anomalies (Norgauer et al., 
2003).  It is also noteworthy that even though the untreated XP-A fibroblasts do not 
have significantly heightened DNA damage under cell culture conditions, these cells 
in an in vivo system are constantly being exposed to oxidative assaults.  Thus it is 
very possible that XPA-deficient cells are already stressed endogenously but do not 
yet show the signs of it.  In line with this, treated XP-A fibroblasts showed marked 
increase in DNA damage, implying that they seem genomically stable until subjected 
to stress.  Although chromosome alterations have been linked to cell death, XP-A 
cells are not susceptible to cell death induced by acute oxidative stress, probably 
because the absolute number of aberrations are insufficient to induce cell death in 
these cells, and other repair pathways kick in to alleviate breaks, forming fusions 
(which is more prevalent in XP-A cells in our study) that predispose them to cancer. 
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Interestingly, although XPA-deficient lymphoblastoids showed an increase in 
DNA damage following treatment, the difference from that of the control cells is either 
very little or not significant.  It is noteworthy that lymphoblastoid cells are transformed 
and therefore have aberrant DNA signalling pathways, thus explaining the moderate 
damage seen in untreated lymphoblastoids.  Hence, it is not surprising that the 
damage markers did not yield a significant difference between XPA-L and normal 
lymphoblastoids. 
 
As3+ metabolism has been suggested to induce ROS production (Hei et al., 
1998; Liu et al., 2001; Kessel et al., 2002; Mei et al., 2002).  H2O2 also produces 
ROS directly in the form of •OH radicals.  ROS-induced DNA lesions lead to 
obligatory arrest in the replicative cycle.  Interestingly, XP-A fibroblasts have been 
shown to be defective in H2AX phosphorylation and DNA damage checkpoints 
following UV-irradiation (Bomgarden et al., 2006; Marini et al., 2006).  Failure in 
checkpoint activation may attenuate the effects of H2O2-induced apoptotic pathways 
in XPA-deficient cells.  Hence, XPA-deficient cells were less sensitive to H2O2-
induced cell death at the expense of genomic stability.  Earlier findings have 
correlated arsenic metabolism and genotoxicity with ROS production (Yamanaka et 
al., 1991; Wang et al., 1996a; Chen et al., 1998), which corroborates with our results. 
 
Comet analysis showed that the lack of XPA increased the susceptibility of 
fibroblasts and lymphoblastoids to H2O2-induced oxidative damage resulting in DNA 
strand breaks.  In addition, XP-A fibroblasts exhibited longer tail moments on 
recovery, suggesting reduced ability to repair the damage.  On the other hand, As3+ 
treatment did not result in dose-dependent increase in tail moments in both Normal 
and XP-A fibroblasts.  Importantly, even though Normal fibroblasts appeared to be 
more susceptible to As3+-induced DNA damage, they managed to repair the damage 
at recovery.  As discussed, As3+ has been shown to inhibit the NER pathway 
(Rossman et al., 2001; Danaee et al., 2004).  This may explain the lack of significant 
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difference in CA frequency between As3+-treated Normal and XP-A fibroblasts, and 
explain why comet tail moments following As3+ treatment did not yield significant 
differences.  Exposure to As3+ may have hampered the NER in Normal cells, 
resulting in sustained oxidative damage with reduced capacity for repair. 
 
The observation that most, but not all, of the damage had been repaired in 
H2O2-treated XP-A fibroblasts during the 22-h recovery indicate that NER is not the 
major repair pathway of oxidative damage, congruent with current understanding 
(Hoeijmakers, 2001; Rybanska and Pirsel, 2003) that the BER pathway is the major 
pathway for such lesions.  But that XP-A fibroblasts retained greater post-recovery 
damage is evidence for a role of NER in alleviating oxidative stress-induced DNA 
damage.  In addition, XPA-deficient cells displayed greater initial damage in 
response to H2O2, pointing to a possible role of XPA in recognizing initial H2O2-
induced DNA lesions.  This supports our hypothesis that XPA and hence the NER 
pathway play a role in repairing oxidative damage lesions. 
 
As As3+-treated cells showed cell cycle arrest but minimal cell death, we 
sought to identify if there were alterations in genes associated with the apoptotic 
pathway.  Up-regulation of pro-apoptotic genes in the TNR receptor family and 
BNIP3L were observed even with the lack of cell death in treated primary fibroblasts.  
Though the outcome of up-regulation of members of the TNF receptor family such as 
LTbR, TNFRSF12A and TNFR1 is different in different cell types and context-
dependent, over-expression of TRAILR2 is known to result in apoptosis.  The up-
regulation of these pro-apoptotic genes was accompanied by the down-regulation of 
the anti-apoptotic gene Survivin.  These altered gene expressions suggest that the 
cells were primed for apoptosis.  This finding is in agreement with studies in 
melanoma cells showing that As3+ accelerates TRAIL-mediated apoptosis by 
modulating gene expression (Ivanov and Hei, 2006).  An interesting observation 
however was that CIAP1, a member of the inhibitor of apoptosis (IAP) family, was up-
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regulated in treated fibroblasts.  Over-expression of IAPs suppresses apoptosis 
induced by TNF, Fas, chemotoxins and UV-irradiation (Duckett et al., 1998).  
Moreover, human CIAPs interact with TNF-RII via association with TRAF-1 and 
TRAF-2 (Rothe et al., 1995), and CIAP-1 has been shown to interact with p60 TNF-
R1 complex  (Shu et al., 1996).  Although our Superarray data suggested that anti-
apoptotic genes BAG3 and PKB˛ were down-regulated, real time PCR revealed 
otherwise.  Therefore, we propose that we did not observe cell death in As3+-treated 
Normal and XP-A cells even with the up-regulation of TRAIL2 because downstream 
anti-apoptotic genes were also up-regulated; inhibiting apoptosis at the downstream 
processes is more effective as it negates the upstream signals.  Given that the cells 
may be more susceptible to As3+-induced cell death following a longer incubation 
time, the gene expressions may then be different from what we had observed here. 
 
To further understand the effects of oxidative stress on the cells, we utilized 
microarray to look at the changes in gene expression profiles following treatment with 
As3+ and H2O2.  In relevance to this work, we looked at select genes in 3 broad 
clusters: cell death, DNA damage-repair and cell cycle regulation.  The genes to be 
discussed are shown in Table 6A and B respectively for As3+- and H2O2-treated cells. 
 
Consistent with real time PCR validations (Figure 13) of the Oligo GEArray 
Human Apoptosis Microarray analysis (Figure 12), microarray results reflected that 
As3+-treated XP-A cells when compared to Normal cells exhibited an increased up-
regulation of pro-apoptotic factor TRAIL2, an increased down-regulation of the anti-
apoptotic gene Survivin and a more pronounced up-regulation of anti-apoptotic gene 
BAG3. 
 
Pro-apoptotic genes such as MOAP1, DODI1, DDIT3 and DAP3 were up-
regulated in both As3+-treated Normal and XP-A cells but the up-regulations were 
more pronounced in XP-A cells.  Interestingly, while pro-apoptotic gene DEDD2 was 
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down-regulated in As3+-treated Normal cells, XP-A counterparts showed the reverse.  
In addition, anti-apoptotic genes PIK3R2 and TNFRSF6B were down-regulated in 
both As3+-treated cell types, with XP-A cells exhibiting a more pronounced down-
regulation in PIK3R2.  The augmented up-regulation of the above said pro-apoptotic 
genes accompanied by the augmented down-regulation of anti-apoptotic genes 
Survivin and PIK3R2 suggest that As3+-treated cells, especially XP-A cells, are 
primed for cell death, consistent with the Superarray results.  On the other hand, 
other pro-apoptotic genes such as IGFBP3, IKIP, PDCD5 and FAS are down-
regulated following As3+ treatment for both cell types, with XP-A cells showing more 
down-regulation.  Moreover, while the p53-dependent pro-apoptotic gene TP53I3 
was up-regulated following As3+ treatment in Normal cells, it was down-regulated in 
XP-A cells after the same treatment, suggesting that with a functional XPA, As3+ 
treatment may indeed result in p53-dependent apoptosis, a possibility consistent with 
previous findings (Yih and Lee, 2000).  Accompanying the down-regulation of the 
fore-mentioned pro-apoptotic genes is the up-regulation of anti-apoptotic genes 
SPHK1 and BAG3.  These gene expression changes indicate the interference of pro-
apoptotic processes in XPA-deficient cells, consistent with our Superarray data.  
Again, as mentioned previously, XP-A cells might be more prone to cell death at a 
higher As3+ concentration or longer incubation time with its own unique gene 
expression profile changes. 
 
It is interesting to note that under the DNA damage-repair cluster, XP-A cells 
showed a down-regulation of all the genes except for DNA response gene 
GADD45G.  These genes include DNA polymerase complex genes such as POLE2, 
POLD1, RFC3, RFC4, RFC5 and PCNA, BER pathway genes such as LIG1, 
XRCC1, OGG1 and PARP1, NER pathway genes such as ERCC1 and ERCC2/XPD, 
and homologous repair genes such as EXO1, XRCC3, RAD51C and RAD54L.  DNA 
damage checkpoint effector CHEK1, BLM helicase and H2AFX were also down-
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regulated in XP-A cells even though they were up-regulated in Normal cells following 
As3+ treatment.  The down-regulation of multiple DNA damage-repair genes indicates 
that the loss of functional XP-A and possibly the loss of a functional NER pathway 
affects the proper function of all other repair pathways.  This is consistent with our 
DNA damage marker studies where As3+-treated XP-A cells showed increased DNA 
damage in the form of MN (Figure 9D and E) and CA (Figure 10S), and a decreased 
ability to restore a short tail moment after recovery (Figure 11C-E). 
 
Down-regulation of mitogenic factors CDC45L, TFGA, PCNA, POLD1 and 
TOP2A, cyclins, cyclin-dependent kinases (cdks) such as CDK2 and CDC2 and 
CDC25 phosphatases required to activate cdks was observed in XP-A cells following 
treatment with As3+, indicating As3+ exposure disrupts the cell cycle in these cells.  
This is consistent with our cell cycle data (Figure 6) which revealed that XP-A cells 
arrest at an earlier phase in the cell cycle when compared to Normal cells following 
As3+-treatment.  Transcription-associated genes required for S-phase entry, E2F2 
and TFDP1, were also down-regulated in As3+-treated XP-A cells, suggesting that 
treatment with 1.5 µg/mL As3+ inhibits cells lacking XPA from DNA replication.  In 
addition, genes related to the ubiquitin machinery involved in driving the cell cycle, 
such as ANAPC4, ANAPC5, CDC20 and UBE2C were also down-regulated in XP-A 
cells after As3+ treatment.  Lastly, mitotic genes KNTC1, MAD2L1, KIF20B, PRC1 
and AURKA were down-regulated as well in As3+-treated XP-A cells.  The overt 
down-regulation of cell cycle genes in As3+-treated XP-A cells indicate that the lack of 
XPA results in inability to proceed efficiently with the cell cycle. 
 
Pro-apoptotic genes DEDD2, DDIT3 and tumour necrosis factor genes 
TRAIL2 and TNFRSF10A were up-regulated while anti-apoptotic genes Survivin and 
PIK3CA were down-regulated following the 22-h recovery after 2 h of H2O2 treatment 
(24 h) in XP-A cells, suggesting these cells are primed for cell death.  However, pro-
apoptotic gene TP53I3 was up-regulated and anti-apoptotic gene SPHK1 was down-
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regulated at 24 h in Normal cells but not in XP-A cells.  Moreover, pro-apoptotic 
genes TNFRSF6, TRAF7, IGFBP3, PKCA, BNIP3 and BNIP3L were down-regulated 
and pro-survival antioxidant enzyme genes SOD2 and GPX1 were up-regulated to a 
higher degree in XP-A cells than in Normal cells.  These expression changes are 
congruent with our crystal violet (Figure 5B) and cell cycle (Figure 7) results that 
show Normal cells are more susceptible to H2O2-induced cell death than XP-A cells. 
 
Similar to its response following As3+ treatment, XP-A cells exhibited a more 
pronounced down-regulation of DNA repair genes compared to Normal cells  
following H2O2 treatment at 24 h.  Of particular interest, although genes associated 
with the polymerase complex were down-regulated to a greater extent in XP-A cells 
at the recovery time point, Normal cells were not spared from the same response, 
indicating normal DNA replication and replication associated with repair were 
disrupted following H2O2 treatment regardless of the presence of functional XPA.  At 
2 h of H2O2 treatment, XP-A cells show responsiveness to H2O2 exposure with the 
up-regulation of GADD genes demonstrating that the loss of functional XPA does not 
interfere with detection of DNA damage inflicted by H2O2.  However, the down-
regulation of DNA damage-repair genes does suggest aberrant repair in XPA-
deficient cells. 
 
Consistent with our observations of cell cycle arrest following H2O2 treatment 
(Figure 7), mitogenic genes CDT1, FGF2, PKCA and CDC45L, cyclins, cdks and 
CDC25 phosphatases were down-regulated, while DUSP6, which negatively 
regulates the mitogenic MAP kinase pathway and cdk inhibitor CDKN1A/p21Cip1 were 
up-regulated in XP-A cells, suggesting inhibition of proliferation in these cells 
following H2O2 exposure (24 h).  In addition, genes associated with the ubiquitin 
machinery CDC20 and UBE2C, as well as mitotic genes KNTC1, MAD2L1, CDCA8, 
BUB1, BUB1B, KIF20B and AURKA were also down-regulated in XP-A cells at 24 h, 
indicating the disruption of normal cycling in these cells after H2O2 exposure. 
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While As3+ does not seem to elicit as deleterious effects on the genome as 
H2O2 in our studies, As3+ has been shown to be more insidious in nature as it exerts 
its effects though many ways, including exacerbating UV-induced damage, ROS 
production and hampering DNA repair pathways (Rossman et al., 2001; Danaee et 
al., 2004).  In support of this, our group has previously shown that cells deficient in 
PARP-1 gene product are more sensitive to As3+ treatment (Poonepalli et al., 2005).  
Although the pathways by which As3+ exerts its toxicity may be disparate in different 
cells, As3+-treated cells produced oxidized guanine products and DNA-protein cross-
links through the production of nitric oxide (Bau et al., 2002; Chien et al., 2004).  In 
vitro treatment with As3+ has also been shown to inhibit the removal of NER lesions.  
As As3+ is more stable than endogenously generated ROS, it may exert its effects 
over a longer period on cells compared to H2O2.  This is in agreement with the finding 
that even after removal of As3+ from culture, cells still exhibited cell death after 24 h in 
fresh media without As3+ (Komissarova et al., 2005).  Exposure to As3+ may mediate 
a scenario of chronic oxidative stress that would over time lead to more deleterious 
and mutagenic outcomes. 
 
It is established that oxidative stress results in reduction in cell viability, cell 
cycle arrest and DNA damage (von Zglinicki, 2002; Duan et al., 2005).  Our findings 
have thus far corroborated these studies.  In addition, oxidative stress has been 
shown to accelerate telomere attrition possibly through DNA damage and to reduce 
proliferative potential of cells thus resulting in stress-induced premature senescence 
(SIPS) and predisposing to ageing (Chen and Ames, 1994; Finkel and Holbrook, 
2000; von Zglinicki, 2002; Duan et al., 2005).  Furthermore, cells deficient in DNA 
repair mechanisms such as ATM-/- mouse embryonic fibroblasts and ATM-/- human 
fibroblasts have been found to present with accelerated telomere loss (Hande et al., 
2001) and premature senescence (Tchirkov and Lansdorp, 2003).  To mimic 
physiological stresses which are generally not acute and massive but chronic and 
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insidious, we investigated the effects of low doses of oxidative stress on cells lacking 
functional XPA over a period of 30 days where we performed a series of cellular 
kinetics studies.  We looked at parameters such as PDN, senescent morphology, SA 
ß-gal expression, cell size and telomere attrition rate.  Senescent fibroblasts appear 
enlarged, flattened and more granular compared to their younger proliferative 
counterparts which are elongated (Kumazaki et al., 1991), express SA ß-gal, are 
increased in size and exhibit retarded proliferative capacity. 
 
Features of senescence such as reduced PD, senescent morphology and 
expression of SA ß-gal appeared in untreated XP-A cells much earlier than in 
untreated Normal cells.  In addition, by the end of the treatment they were also 
significantly larger in cell volume than their Normal counterparts and showed 
accelerated spontaneous telomere shortening.  This observation is in line with the 
segmental progeria presented by XP patients and importantly implicates factors other 
than UV in their clinical features since cultured cells were not exposed to significant 
amounts of UV during the course of the experiment. 
 
In line with findings that oxidative stress results in premature senescent 
characteristics in cells in culture (Chen and Ames, 1994; Duan et al., 2005) as 
described above, both cell types when exposed chronically to low dose H2O2 or 
increased oxygen partial pressure of 40% exhibited senescent features earlier than 
their untreated counterparts.  These features, again, were in the form of reduced PD, 
senescent morphology and SA ß-gal expression.  Also, cells exposed to oxidative 
stress were larger in cell volume and showed increased telomere attrition rates 
compared to untreated counterparts.  Similar to untreated cells, treated XP-A 
fibroblasts exposed to chronic oxidative stress exhibited drastic reduction in PD to 
near nil and presented with morphological changes and SA ß-gal expression much 
earlier than Normal cells, indicating that a lack of functional XPA reduces the 
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capacity to cope with prolonged oxidative stress and thus results in earlier induction 
of SIPS. 
 
Together with the senescence markers that were more pronounced in cells 
exposed to chronic low-level oxidative stress, we also observed an increase in 
telomere shortening rates when cells were under such stress.  In line with this, 
oxidative stress has been shown to accelerate telomere shortening (von Zglinicki et 
al., 1995; von Zglinicki, 2002).  Telomeres cap the end of chromosomes to protect 
them from degradation and end-to-end fusions, and are important for mitotic 
segregation (Slijepcevic et al., 1997; Hande et al., 1999b; de Lange, 2002; Artandi 
and Attardi, 2005).  Telomeres are also thought to act as a cellular determinant of 
age where its length dictates whether or not the cell is still able to divide (Harley et 
al., 1990; Hastie et al., 1990; Lindsey et al., 1991; Klapper et al., 2001; Rodier et al., 
2005; Gilley et al., 2005).  Importantly, its has been shown that telomeres are more 
susceptible to oxidative damage and thus accumulate single-stranded regions from 
oxidative stress (Petersen et al., 1998; Henle et al., 1999).  In addition, these single-
stranded breaks at the telomeres are less well repaired than elsewhere in the 
genome (von Zglinicki et al., 2003), which makes telomeres particularly susceptible 
to damage that leads to attrition. 
 
While it seems like there is no trend in the loss of telomeres following 
oxidative stress between Normal and XP-A fibroblasts, when the PD was taken into 
consideration to give the rate of the attrition as depicted by loss of telomere bases 
per cell doubling, we found that the telomere attrition rate in XP-A fibroblasts is 
higher than that of Normal fibroblasts.  This suggests that the lack of XPA renders 
cells more sensitive to telomere loss upon oxidative stress.  Repair factors such as 
the NHEJ components, ATM, BLM, DNA-PKcs and WRN have been found to be 
involved in the maintenance of genome and telomeres integrity, cancer and ageing 
(Metcalfe et al., 1996; Slijepcevic et al., 1997; Hande et al., 1999b; Gilley et al., 2001; 
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d'Adda di Fagagna et al., 2001; Opresko et al., 2002; Opresko et al., 2005).  
Incidentally, our microarray results of both H2O2- and As3+-treated cells showed a 
down-regulation of BLM.  Our results suggest that XPA might indeed be involved in 
telomere maintenance and cellular ageing since the loss of this protein renders cells 
more sensitive to oxidative stress-induced senescence and telomere attrition, as well 
as deregulation of genes related to DNA repair and telomere maintenance.  
Importantly, our findings also implicate oxidative stress as an additive factor in the 
progeroid phenotypes of XP patients. 
 
In this study, we have shown that the lack of functional XPA increases 
susceptibility of oxidative stress-induced genotoxicity in cells while retaining viability.    
We have also demonstrated that H2O2 induces accelerated premature senescence 
characteristics in XPA-deficient fibroblasts.  This is in line with observations that 
patients suffering from XP though extremely sensitive to UV-induced cancers, exhibit 
symptoms that cannot be explained by exposure to UV such as premature ageing 
and increased risk of internal cancers.  It is difficult for UV-induced DNA damage to 
account for the totality of symptoms exhibited by XP patients.  Our findings implicate 
oxidative stress as a possible major contributor to such manifestations, particularly in 
tissues away from the body surface and hence protected from UV-exposure.  A 
plethora of genotoxic agents including UV-irradiation and As3+ lead to oxidative stress 
via the generation of ROS (Hei et al., 1998; Finkel and Holbrook, 2000; Halliday, 
2005; Nishigori, 2006).  Exposure to UV inadvertently results in oxidative stress 
exerted onto the cells.  Cells lacking NER cannot cope with the damage induced and 
leave UV- and oxidative stress-induced lesions unrepaired, predisposing them to 
cancer and hastened senescence.  XPA acts as a damage verifier of NER lesions 
and may also act as a damage verifier of oxidative lesionsl.  Lack of this protein leads 
to a halt in the progression of repair.  The higher tolerance of XP-A fibroblasts to 
oxidative stress allowing them to bypass cell cycle checkpoints with increased 
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genomic instability is thus another potential risk factor for patients who lack XPA.  
These cells may be involved in SIPS but the few that bypass such arrest are at high 
risk of transformation. 
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CHAPTER 4 
Role of Xeroderma Pigmentosum D (XPD) protein 




The XPD/ERCC2 protein is an 87 kDa ATP-dependent 5’Æ3’ directed DNA 
helicase and is an essential component of the ten-subunit general transcription 
factor, TFIIH, which is part of the RNA polymerase II holocomplex (Schaeffer et al., 
1993; Sung et al., 1993; Schaeffer et al., 1994; Sugasawa, 2008).  TFIIH serves a 
helicase function around an NER-lesion.  When one of its subunits (possibly XPD) 
encounters a damage site, it cues for the recruitment and assembly of subsequent 
NER factors (Drapkin et al., 1994; Hoeijmakers, 2001).  TFIIH interacts with other 
NER proteins such as XPC, RNA polymerase II, CSA, CSB, XPA, XPG and XPF for 
the smooth progression of repair (reviewed in Sugasawa, 2008).  Disrupting the 
interaction between XPG and TFIIH leads to dissociation of XPD from TFIIH, thus 
aborting the NER pathway (Araujo et al., 2001; Ito et al., 2007).  TFIIH is also integral 
for basal transcription (Drapkin et al., 1994; Holstege et al., 1996). 
 
The helicase activity of XPD is essential for NER but not for transcription 
(Winkler et al., 2000).  However, XPD plays a vital architectural role by attaching the 
two subunits of TFIIH, the cyclin-dependent kinase (cdk)-activating protein kinase 
(CAK) complex and the core (Rossignol et al., 1997).  Thus, XPD plays identical 
roles to that of TFIIH: the demarcation and verification of NER lesions, DNA-
unwinding around the damage, preincision complex assembly, lesion-incision and 
excision, as well as basal transcription  (Sugasawa, 2008).  Given the importance of 
XPD function, it is not surprising that null alleles for XPD are embryonically lethal and 
low NER activity is always present in XP-D patients. 
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The dual role of XPD in transcription and NER explains why XPD-deficient 
individuals present with disparate clinical outcomes: classical XP,  combined 
symptoms of XP and CS, or TTD with phenotypic heterogeneity (Stefanini et al., 
1993; Drapkin et al., 1994; Taylor et al., 1997; Kraemer et al., 2007).  XP, XP/CS and 
TTD symptoms such as neurological, physical and mental dysfunctions and 
developmental delays, and TTD-specific symptoms such as brittle hair and nails as 
well as ichthyosis cannot be explained by UV-exposure alone (Reardon et al., 1997; 
Kyng et al., 2003; Kraemer et al., 2007; Hanawalt and Spivak, 2008; Sugasawa, 
2008).  UV-exposure also cannot explain the symptoms of non-photosensitive TTD 
patients (Stefanini et al., 1993; Vermeulen et al., 1994; de Boer and Hoeijmakers, 
2000).  Endogenous oxidative base lesions have instead been implicated in TCR and 
transcription deficiency in addition to that of NER in these patients (Reardon et al., 
1997; Kyng et al., 2003; Kraemer et al., 2007; Hanawalt and Spivak, 2008; 
Sugasawa, 2008).  Moreover, the NER has been shown to remove certain oxidative 
DNA damages (Satoh et al., 1993; Satoh and Lindahl, 1994; Friedberg et al., 1995; 
Kuraoka et al., 2000; Brooks et al., 2000; Rybanska and Pirsel, 2003).  However, the 
role of XPD in repairing reactive oxygen species (ROS)-induced DNA damage and 
the effects of oxidative assault on XPD-deficient cells are not yet fully elucidated. 
 
Increasing evidence point toward the involvement of DNA repair factors such 
as the RecQ helicases, WRN and BLM, (Crabbe et al., 2004; Du et al., 2004; Lee et 
al., 2005; Opresko et al., 2005), as well as the NER factor XPF/ERCC1 (Zhu et al., 
2003; Munoz et al., 2005) in telomere homeostasis.  Defects in these proteins are 
linked to telomere attrition associated with premature senescence, telomere-related 
chromosomal anomalies and progeroid features (reviewed in Hande, 2004; 
Slijepcevic, 2008; d'Adda di Fagagna, 2008; Low and Hande, 2008).  Importantly, 
XPD-mutant mice and patients also develop progeroid symptoms (Schumacher et al., 
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2008).  Thus, the helicase domain-containing NER factor, XPD, may be involved not 




As such, we sought to determine the involvement of XPD in oxidative DNA 
damage-repair and telomere dynamics by treating primary fibroblasts and 
lymphoblastoid cells transformed from an XP-D patient – hereafter known as XP-D 
and XPD-L respectively – with H2O2 or increased ambient O2 partial pressure of 40% 
(40% O2).  After subjecting the cells to oxidative stress, we performed assays related 
to survival, genome stability and growth kinetics.  With this we set out to achieve the 
following objectives: 
 
1) To examine the sensitivity of cells lacking XPD to oxidative stress 
2) To investigate the role of XPD in oxidative damage-repair competency and 
genomic stability. 
3) To understand the role of XPD in growth kinetics and telomere dynamics. 
4) To investigate the role of XPD in oxidative stress response mechanisms. 
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4.3 Results 
4.3.1 H2O2 treatment decreases cell viability, with XPD-deficient 
fibroblasts showing less sensitivity but XPD-deficient 
lymphoblastoids showing more sensitivity 
The cell viability of both fibroblasts and lymphoblastoids decreased with dose-
dependence following H2O2-treatment (P < 0.05; Figure 18).  Interestingly, the XPD-
deficient fibroblasts and lymphoblastoids have disparate differences when compared 
to their control counterparts; that is, while XP-D fibroblasts were less sensitive to cell 
death induced by H2O2, XPD-L lymphoblastoids were more sensitive when compared 
to control cell lines. 
 
Control fibroblasts, IMR-90 and Normal, exhibited viabilities lower than that of 
XP-D at doses of 60 µM H2O2 and above (P < 0.01).  While the viabilities of control 
fibroblasts were less than 50% at H2O2 doses above 40 µM, these H2O2 
concentrations remained sub-lethal to XP-D fibroblasts (Figure 18A).  On the 
contrary, unlike their fibroblast counterparts, the viability of XPD-L lymphoblastoids 
was significantly less than that of normal lymphoblastoids from treatment of 20 µM 
H2O2 onwards (Figure 18B). 
 
4.3.2 XP-D fibroblasts display minimal morphological changes 
following H2O2 treatment 
Morphology of attached fibroblasts was observed immediately following 2 h 
treatment with H2O2 and 22 h after a change of fresh media without H2O2 (Figure 19).  
At the 2-h time point, Normal cells reacted to H2O2, as seen by the refractive cells.  
However, XP-D cells seemed unfazed by the treatment.  Importantly 22 h after the 






We next looked at cell cycle kinetics following H2O2-treatment to determine 
whether the lack of decrease in cell viability and density in XP-D fibroblasts following 
oxidative stress induced by H2O2 was due to cell cycle arrest and whether 
lymphoblastoid cells were affected in their cycling after treatment. 
 
4.3.3 XP-D fibroblasts do not display cell cycle profile changes 
following H2O2 treatment 
Following H2O2 treatment, control fibroblasts, IMR-90 and Normal, showed an 
increase in the sub-G1 population at higher concentrations indicating cell death 
(Figure 20A and B);  IMR-90 cells showed the increase in sub-G1 population at 60 
µM H2O2 and above (Figure 20A) while Normal fibroblasts exhibited this increase 
from concentrations of 40 µM and above (Figure 20B).  In addition to the increase in 
sub-G1 population, IMR-90 cells showed a gradual increase in the S phase 
population with accompanying decrease in the G2/M phase with increasing H2O2 
concentration (Figure 20A).  Normal cells also exhibited some changes in the cell 
cycle.  From concentrations of 60 µM and above compared to 40 µM, although the 
G1 and G2/M population decreased, the S phase population did not follow this same 
fate; instead there seemed to be little change in the S phase population (Figure 20B).  
However, XP-D cells exhibited minimal changes in the cell cycle profile except for a 
negligible increase in the sub-G1 population at 80 µM and 100 µM H2O2 (Figure 
20C).  This prompted us to look at the cell cycle profile changes of the fibroblasts 
following a 48-h time course, where we picked a low/intermediate dose of 40 µM and 
a higher dose of 80 µM H2O2 to follow through with. 
 
During the 48-h time course, IMR-90 fibroblasts treated with 40 µM H2O2 did 
not show significant changes in the trend of the cell cycle profiles but when treated 
with 80 µM, they exhibited an increase in sub-G1 population from 24 h onwards 
(Figure 21).  Also, IMR-90 fibroblasts displayed a slight decrease in the G2/M 
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population with an increase in S phase population with time (Figure 21).  Normal cells 
showed increase in sub-G1 population in response to a lower concentration of 40 µM 
H2O2 and this increase also began earlier than that of IMR-90 (Figure 22).  
Specifically, both 40 µM and 80 µM H2O2 elicited some increase in the sub-G1 
population as early as the 6-h time point.  In addition, Normal fibroblasts exhibited 
little change in the S phase population even with the decrease in G1 and G2/M 
populations (Figure 22).  However, even at 48 h, XP-D cells did not show significant 
changes in the cell cycle profile at both concentrations of H2O2 (Figure 23). 
 
4.3.4 XPD-L lymphoblastoids are more sensitive to H2O2 treatment-
induced cell death 
In response to H2O2 treatment, cell cycle profiles of normal lymphoblastoids 
did not change noticeably except for a slight increase in the sub-G1 population at 
higher concentrations (Figure 24A and B).  Similar to the control lymphoblastoids, 
XPD-L lymphoblastoids also exhibited an increase in the sub-G1 population with 
increasing concentrations of H2O2 treatment accompanied by minimal changes in the 
other phases of the cell cycle profile (Figure 24C).  However, XPD-L displayed 
greater sub-G1 populations than that of the control lymphoblastoids at every H2O2 
concentration (Figure 24), congruent with the MTT results (Figure 18B). 
 
To ascertain if the presence or absence of cell death was associated with 


















4.3.5 XPD-deficient cells display significantly more DNA damage than 
control cells following H2O2 treatment 
4.3.5.1 Cytokinesis-blocked micronucleus assay 
Cells that have completed a single nuclear division immediately following a 2-
h H2O2 treatment were arrested at cytokinesis with cytochalasin B to produce 
binucleated (BN) cells as described above.  BN cells from each sample were scored 
for the presence and distribution of micronuclei (MN) and presented in Table 12.  The 
summary of the MN frequency expressed as the percentage of BN with MN and the 
percentage of total MN per 1000 BN cells are collated in Table 13.  Pictures of BN 
cells with and without the presence of MN are shown in Chapter 3 (Figure 9A-C). 
 
Both the frequency of BN with MN and the MN frequency of fibroblasts and 
lymphoblastoids increased significantly with increasing H2O2 concentration (P < 0.05; 
Table 13).  Although H2O2 concentrations of 60 µM and higher did not yield enough 
BN fibroblasts for accurate analysis, low doses of H2O2 (20 and 40 µM) sufficed to 
significantly increase both the percentage of BN with MN and the MN frequency of 
XP-D fibroblasts compared to that of Normal fibroblasts (P < 0.05; Figure 25A and B, 
Table 13A).  Moreover, the frequency of XP-D BN with two or more MN following 
treatment with 40 µM H2O2 was near double than that of its Normal counterpart 
(Table 12A). 
 
Lymphoblastoids are able to form BN even at high concentrations of H2O2, up 
to 100 µM.  XPD-deficient lymphoblastoids showed similarity to its fibroblast 
counterparts in that XPD-L lymphoblastoids displayed increased percentage of BN 
with MN and MN frequency compared to control lymphoblastoids (P < 0.05; Figure 
25C and D, Table 13B).  In addition, XPD-L lymphoblastoids also exhibited an 
increased number of BN with more than 1 MN compared to the control 








4.3.5.2 Chromosome Aberration assay 
DNA damage was further assessed via the induction of chromosomal 
aberrations (CA).  Cells were allowed to grow overnight with fresh media immediately 
following H2O2 treatment.  They were then arrested at metaphase with colcemid as 
described above (Chapter 2).  CA such as fragments, breaks and fusions were 
scored and the distribution of CA expressed as CA/cell, are represented in Table 14 
and Figure 26.  Examples of aberrations from metaphase spreads captured are 
shown in Chapter 3 (Figure 10A-R).  As H2O2 treatment could not yield sufficient 
metaphase spreads for analysis at concentrations of 40 µM and above in XP-D 
fibroblasts, we focused the study of this assay only on lymphoblastoid cells. 
 
H2O2 treatment increased, in a dose-dependent manner, the frequency of CA 
in normal lymphoblastoids but not in that of XPD-L (Figure 26, Table 14A).  However, 
XPD-L lymphoblastoids consistently exhibited increased CA frequency compared to 
its control counterparts regardless of H2O2 concentration (Figure 26).  XPD-deficient 
lymphoblastoids also exhibited a larger proportion of aberrant cells than its control 
counterparts (Table 14A).  Of note, even XPD-L cells that were not exposed to H2O2 
displayed not only increased CA but also more aberrant cells than normal 
lymphoblastoids.  Although XPD-L cells did not exhibit noticeable differences in the 
frequency of fusions when compared to control lymphoblastoids (Table 14A), they 
consistently harboured more breaks than that of the control lymphoblastoids (Table 
14A).  Particularly, XPD-L lymphoblastoids displayed a large increase in the number 
of undetected telomeres  (such as those in Figure 10F) compared to normal 
lymphoblastoids and also exhibited more interstitial deletions in the form of double 
minutes (such as those in Figure 10B) and acentric fragments (such as those in 
Figure 10C and D) (Table 14B).  Some rare complex fusions such as those seen in 
Figure 10 N-R were also detected in the lymphoblastoids but there were neither 






4.3.6 Lack of functional XPD increases DNA damage susceptibility and 
compromises oxidative DNA lesion-repair 
To assess the capacity of the cells to recover from H2O2-induced genotoxic 
assault, we compared the overall genomic integrity of cells at two time points: the first 
one was immediately following the 2-h H2O2 treatment and the second one after 22 h 
of recovery in fresh medium without H2O2.  Harvested cells were subjected to 
electrophoresis with the resulting comets analyzed for tail moments, a function of tail 
size and fluorescence intensity (Collins, 2004).  Examples of a SYBR-Green-stained 
nucleus showing apparently no damage and one with a comet tail indicative of DNA 
damage respectively are displayed in Chapter 3 (Figure 11A and B). 
 
H2O2-treated fibroblasts exhibited a dose-dependent increase in tail moments 
at concentrations of 40 µM H2O2 and higher at the 2-h time point (P < 0.001; Figure 
27B), with a corresponding decrease following the 22-h recovery period (P < 0.01; 
Figure 27A).  This suggests that treatment with H2O2 had induced DNA damage and 
that DNA repair had taken place during the 22-h recovery period.  Although XP-D 
fibroblasts that were untreated and those that were treated with low dose H2O2 (20 
µM) did not display any significant differences in tail moments from that of Normal 
counterparts (P > 0.05), XP-D fibroblasts consistently showed greater tail moments 
than Normal fibroblasts immediately after H2O2 treatment at concentrations of 40 µM 
and above (P < 0.001; Figure 27B).  Following recovery, however, both Normal and 
XP-D fibroblasts demonstrated significantly decreased tail moments compared to 
their 2-h counterparts (Figure 27A) with the recovered tail moments showing a dose-
dependent increase (Figure 27C).  XP-D in particular exhibited significantly increased 
tail moments from that of untreated counterparts from 60 µM H2O2 and higher 
concentrations, while Normal fibroblasts only showed this increase at 100 µM H2O2 







All lymphoblastoids exhibited a dose-dependent increase in tail moments 
following the 2-h H2O2 treatment with this increase significant only in XPD-L (P < 
0.01) but not in normal lymphoblastoids (Figure 27D and E).  In addition, XPD-L 
exhibited significantly longer tail moments immediately following 2 h treatment with 
40 µM H2O2 onwards compared to untreated counterparts (P < 0.01), which was also 
significantly higher than that of normal lymphoblastoids (Figure 27D and E).  Post 22-
h recovery, tail moments of all treated lymphoblastoids were lower than the initial 2-h 
treatment (Figure 27D), indicating repair.  Although there was no significant 
difference between both the normal lymphoblastoid types, nor was there any 
significant differences between the tail moments of different concentrations for the 
normal lymphoblastoids, XPD-L showed significantly longer moments than that of the 
normal lymphoblastoids and than that of untreated counterparts (Figure 27F). 
 
4.3.7 Fibroblasts exhibit senescent features earlier when subjected to 
oxidative stress, with XP-D fibroblasts showing accelerated signs 
of senescence compared to control fibroblasts 
To understand the growth rate of the fibroblasts, we first looked at the 
population doubling number (PDN) over a period of 6 days (Figure 28) and found that 
XP-D fibroblasts required a longer time to double compared to Normal cells.  We 
then cultured these cells for 30 days under chronic oxidative stress with a paired 
control that was cultured under standard conditions. The initial experiment included 
only a treatment of 10 µM H2O2 but as we did not see much changes in the cells, we 








4.3.7.1 Chronic treatment using 10 µM H2O2 results in reduced PDN, 
morphology changes indicative of senescence and accelerated telomere 
shortening, where XP-D cells exhibit senescent characteristics earlier 
and increased telomere attrition 
During the 30-day treatment with 10 µM H2O2, cells were harvested and 
counted every six days.  Thereafter, the PDN was tabulated and plotted in a time 
graph (Table 15 and Figure 29A).  Consistent with Figure 28, untreated XP-D cells 
displayed slower doubling compared to that of Normal cells.  Treatment with 10 µM 
H2O2 resulted in a slight reduction of PDN in both cell types while retaining the 
capacity to continue proliferation (Table 15 and Figure 29A). 
 
We next looked for changes in morphology in these cells to determine if any 
features of senescence appeared earlier in treated cells (Figure 29B).  Young 
fibroblasts that are typically elongated become enlarged, flattened and more 
granulated during senescence.  Under standard culture conditions, cell enlargement 
and flattening were observed in untreated Normal and XP-D cells on days 28 and 22 
respectively.  Chronic treatment with 10 µM H2O2 accelerated the appearance of 
senescent morphology of both Normal and XP-D cells, at days 23 and 18 
respectively (Figure 29B). 
 
Total DNA was extracted from cells at the beginning (day 0), middle (day 12) 
and end (day 30) of chronic exposure to 10 µM H2O2 and subjected to terminal 
restriction fragment (TRF) length analysis, where non-telomeric and non-
subtelomeric DNA were digested using Hinf I and Rsa I restriction enzymes.  Figure 
29C shows an image of the southern blot of the TRFs from both Normal and XP-D 
fibroblasts.  Over the 30-day period, both untreated and treated Normal and XP-D 












Although on day 12, the telomeres of XP-D cells did not shorten more than 
that of Normal cells, and even at the end of 30 days, the shortening of telomeres in 
treated XP-D fibroblasts was comparable to that of Normal fibroblasts, XP-D cells 
spontaneously lost telomeres as seen in the increased telomere attrition in untreated 
cells compared to the Normal cells at day 30 (Table 17 and Figure 29E).  This is 
made more apparent when PDN was taken into account to yield TRF attrition rate 
(Table 18 and Figure 29F).  With PDN was taken into account, the telomere attrition 
rate of the 30 days reflected that XP-D fibroblasts exhibited increased telomere 
shortening rate compared to their Normal counterparts (Table 18 and Figure 29F). 
 
4.3.7.2 Chronic treatment using 20 µM H2O2 and 40 % O2 accelerated features of 
senescence and telomere shortening, where XP-D cells exhibit 
senescent characteristics earlier and increased telomere attrition 
During the 30-day treatment with 20 µM H2O2 and 40 % O2, cells were 
harvested and counted when untreated cells of each cell type reached 90% 
confluence.  IMR-90 fibroblasts showed a much higher proliferation capacity 
compared to both Normal and XP-D fibroblasts regardless of treatment condition as 
indicated by a higher PDN at each time point compared to the other cell types.  
Again, consistent with Figure 28 and 29A, untreated XP-D cells displayed slower 
doubling compared to that of Normal cells (Table 19 and Figure 30A).  Under 
oxidative stress, the doubling of all three cell types reduced considerably.  
Importantly, XP-D cells treated with 20 µM H2O2 showed very minimal increase in PD 
from the first day of harvest, on day 6 (Table 19 and Figure 30A). 
 
Other parameters indicative of senescence such as cell morphology changes 
(Figure 30B), senescence-associated beta-galactosidase (SA ß-gal) expression 





















Under standard culture conditions, cell enlargement and flattening were not 
observed in untreated IMR-90 even at the end of the treatment (Figure 30B).  
Untreated Normal and XP-D cells, however, both started to exhibit these 
morphological changes on day 27 (Figure 30B).  Chronic oxidative stress accelerated 
the appearance of senescent morphological features of all cell types, with XP-D cells 
showing these features earlier.  Specifically, following 20 µM H2O2 treatment, IMR-
90, Normal and XP-D cells showed characteristics of senescent morphology on days 
17, 12 and 9 respectively, while these cells when grown in 40 % O2 exhibited similar 
changes on days 11, 17 and 11 respectively (Figure 30B). 
 
SA ß-gal expression as depicted by blue stain was not detected before the 
end of the 30-day treatment in all the three fibroblast types grown under standard 
culture conditions.  While at day 30, Normal cells remained unstained and IMR-90 
cells exhibited only minimal staining, XP-D fibroblasts displayed an increased 
frequency of blue stains with higher intensity (Figure 30C).  The expression of this 
protein was accelerated by oxidative stress treatment.  When exposed chronically to 
20 µM H2O2, IMR-90 and XP-D fibroblasts showed increased frequency of blue stains 
per field at day 18 compared to their untreated counterparts, while Normal fibroblasts 
exhibited minimal blue staining on day 12 (Figure 30C).  Interestingly, Normal cells 
treated with 40% O2 did not present with any blue stain following treatment (Figure 
30C) despite showing cell enlargement, flattening and granulation (Figure 30B).  The 
other two cell types when grown in increased oxygen displayed positive SA ß-gal 
staining before the end of the 30-day treatment, with IMR-90 fibroblasts staining 
positive on day 18, and XP-D fibroblasts, as early as day 12 (Figure 30C). 
 
Cell volumes at the start of the chronic treatment (day 0) did not differ from 
each other (Table 20 and Figure 30D).  After six days of treatment, there was still no 
significant differences found in the cell volumes between cell types, nor between 
treatments, nor when compared to the start of the treatment (Table 20 and Figure 
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30D).  Untreated IMR-90 fibroblasts did not exhibit any changes in size with time, but 
both untreated Normal and XP-D cells on the last day of treatment were larger than 
when treatment first started at day 0 (P < 0.001).  Also to note, untreated XP-D cells 
were significantly larger in volume compared to that of Normal counterparts at day 30 
(P < 0.001).  IMR-90 cells exposed chronically to 20 µM H2O2 did not exhibit 
significant changes in cell volumes with time.  However, both Normal and XP-D 
fibroblasts treated with 20 µM H2O2 expanded in volume compared to their untreated 
(P < 0.01) and day 0 (P < 0.001) counterparts from day 12.  Chronic exposure to 40 
% O2 resulted in significant increase in cell volume in Normal cells at day 12 (P < 
0.001), and IMR-90 (P < 0.05) and XP-D (P < 0.001) cells at day 18 compared to 
their untreated counterparts.  Also, under this condition, significant increase in cell 
volume compared to day 0 was seen in IMR-90 fibroblasts at day 30, Normal at day 
12 and XP-D at day 18 (P < 0.001).  Although untreated XP-D cells were larger than 
Normal counterparts by the end of the 30-day experiment, chronic exposure to either 
20 µM H2O2 or 40 % O2 did not result in any significant differences between XP-D 
and Normal cells (P > 0.05). 
 
TRF lengths of the DNA of Normal and XP-D cells in the beginning and end of 
the treatment were analyzed, with the resulting image of the southern blot shown in 
Figure 30E.  Over the 30-day period, both Normal and XP-D cells showed telomere 
shortening regardless of condition (Table 21 and Figure 30F).  Although Normal cells 
exposed to oxidative stress exhibited increased telomere shortening than that of the 
untreated cells, there was no such trend observed in XP-D fibroblasts (Table 22 and 
Figure 30G).  However, XP-D cells consistently showed increased telomere length 
shortening than Normal cells regardless of treatment condition (Table 22 and Figure 
30G).  Interestingly, XP-D cells exhibited spontaneous telomere shortening as seen 
by the large loss of telomeres compared to that of Normal cells even when grown 
under standard conditions (Figure 22 and Figure 30G).  When the TRF length 
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attrition is divided by the PDN to give the rate of TRF length attrition, XP-D cells still 
showed an increase in telomere attrition rate compared to that of Normal cells 
regardless of condition.  To note, XP-D cells exposed to 20 µM H2O2 displayed an 
evidently increased attrition rate compared to its Normal counterpart (Table 23 and 
Figure 30H). 
 
4.3.8 Differential gene expression patterns in XPD-deficient and Normal 
fibroblasts following H2O2 treatment using microarray analysis 
Cells treated with 40 µM H2O2 were harvested at two time points as in the 
comet assay; the first time point was immediately following H2O2 exposure and the 
second one after 22 h of recovery in fresh medium without drug.  Microarray was 
performed on these fibroblasts.  The 2-D hierarchical clustering of the analysis of the 
cells exposed to 40 µM H2O2 at the 2-h time point (2 h) and those after recovery (24 
h) is shown in Figure 31A with the brief overview of the number and percentage of 
genes differentially expressed in different biological processes displayed in Figure 
31B.  Select genes were categorized into three main clusters: cell death, DNA 


















Our results support earlier studies that report that 100 µM H2O2 is sub-lethal 
to several cell types including fibroblasts and lymphoblastoids (Chen et al., 2001; 
Tchirkov and Lansdorp, 2003; Duan et al., 2005; Mantovani et al., 2006).   
Interestingly, XPD-deficient fibroblasts were less sensitive to H2O2-induced cell death 
compared to their control counterparts but XPD-deficient lymphoblastoids were more 
sensitive compared to control lymphoblastoids.  Our observation is supported by both 
the cell viability assays as well as the cell cycle profiles. 
 
With respect to the control fibroblasts, XP-D primary fibroblasts showed a 
similar response to that of XP-A fibroblasts (Chapter 3, Figure 5), while XPD-L 
lymphoblastoids differed from XPA-L lymphoblastoids in their sensitivity to H2O2-
induced cell death.  Consistent with a previous report that XPD-deficient primary 
fibroblasts are defective in modulating p53-mediated apoptosis (Wang et al., 1996b),  
XP-D cells, like XP-A fibroblasts, may be less sensitive compared to control cells to 
H2O2-induced cell death because of the loss of a functional DNA repair pathway, 
which possibly results in aberrant death signalling.  In contrast, as lymphoblastoid 
cells were immortalized using Epstein-Barr virus, XPD-L cells may have attained 
unexpected alterations in cellular and molecular responses.  Of note, other groups 
have contrarily found that apoptosis is attenuated in XPD polymorphic variant 
lymphoblastoid cell lines and XPD-deficient lymphoblastoid cells (Robles et al., 1999; 
Seker et al., 2001).  The discrepancy in responses found between the 
lymphoblastoids and fibroblasts following H2O2 exposure may simply be due to 
inherent differential responses between different cell systems while the use of 
different DNA damage-inducing agents in previous studies may explain the dissimilar 
responses in lymphoblastoid cells since various substances exert their effects via 
different molecular pathways. 
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The reduction in cell viability following H2O2 exposure does not necessarily 
reflect only cell death, but could also be due to arrest in the replicative cycle.  Indeed, 
ROS such as H2O2 induces DNA damage that lead to obligatory cell cycle arrest 
(Shackelford et al., 2000).  We thus investigated the effect of H2O2 exposure on 
morphology of the fibroblasts and cell cycle profiles.  Morphology of the fibroblasts 2 
h immediately following H2O2 treatment revealed that Normal cells are indeed more 
sensitive to H2O2 as shown by the refractive cells.  In congruence, cell cycle profiles 
revealed that Normal fibroblasts were more sensitive to H2O2-induced cell death as 
indicated by the increase in the sub-G1 population.  Control fibroblasts also showed 
changes in the cell cycle profiles and signs of cell cycle arrest, while XP-D fibroblasts 
failed to display any significant changes with respect to neither time nor H2O2 
concentration.  This lack of cell cycle arrest could be either because the damage 
induced by H2O2 is insufficient to arrest XPD-deficient cells or simply because XP-D 
cells are defective in cell cycle checkpoint regulations.  Indeed, XPD has been shown 
to modulate the CAK activity of TFIIH responsible for the activation of mitotic cdk1 
(Chen et al., 2003) and mutations in XPD have been found to result in loss of 
checkpoint activation (Marini et al., 2006).  In addition, Saccharomyces cerevisiae 
transfected with mutant Rad3 (Rad 3 is a homologue of the human XPD) failed to 
induce checkpoint activation following UV-irradiation (Giannattasio et al., 2004).  
Thus checkpoint dysfunction in these cells may similarly be responsible for the lack 
of apoptosis induction in XP-D cells in response to H2O2. 
 
All lymphoblastoids exhibited little change in cell cycle profiles following H2O2 
treatment, possibly due to the altered cellular and molecular responses from the 
method of transformation.   This is supported by previous findings of some cancer 
cells that exhibit impairment of cell cycle arrest in response to H2O2 (Shackelford et 
al., 2000).  Despite the disparate responses between XPD-deficient fibroblasts and 
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lymphoblastoids, our findings hint that XPD-deficient cells possess differing signalling 
pathways from that of control cells. 
 
Endogenous oxidative damage occurs during physiological metabolism via 
the by-production of ROS such as H2O2.  In turn, H2O2 directly produces another 
ROS, the •OH radical.  Cells cultured under oxidative stress have been found to 
accumulate protein modifications, lipid peroxidation and DNA damages in the form of 
strand breaks and oxidized bases (Brawn and Fridovich, 1981; Sies and de Groot, 
1992; Stadtman, 2006).  As accumulation of oxidative DNA lesions, reduced 
efficiency of DNA repair and apoptosis induction predisposes to carcinogenesis 
(Finkel and Holbrook, 2000),  we next tested for DNA damage biomarkers using 
CBMN, CA and SCGE assays (Fenech, 2002).  CBMN and CA were used to reveal 
the clastogenic effects of H2O2; the presence of MN represents the loss of DNA 
either in the form of an acentric fragments, centric fragments or whole lagging 
chromosomes that failed to attach to the mitotic spindle, while CA represent the loss, 
modification or truncation of genes that potentially lead to apoptosis and gene mis-
regulation, which in turn increase cancer risk.  SCGE provides the overall nucleic 
DNA damage in the form of a comet tail where its length represents the amount of 
damage present. 
 
We have shown that under standard culture conditions, XP-D fibroblasts 
seemed to maintain genomic stability but low concentrations of H2O2 are sufficient to 
induce significant genomic instability in these cells.  Indeed, comet analysis revealed 
that the lack of functional XPD not only increases the susceptibility of fibroblasts to 
H2O2-induced DNA damage, but also compromised the repair competence of these 
cells as suggested by the inability to reduce the length of tail moments back to that of 
basal levels at H2O2 concentrations of 60 µM and above.  Importantly, in spite of the 
difference in susceptibility to H2O2-induced cell death between XPD-L 
lymphoblastoids and XP-D fibroblasts, XPD-L cells, similar to their fibroblast 
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counterparts, exhibited increased predisposition to H2O2–induced DNA damage as 
shown by CBMN, CA and comet analysis.  Likewise, XPD-L lymphoblastoids also 
demonstrated reduced repair with the lack of reduction of tail moments back to that of 
basal levels from H2O2 concentrations of as low as 40 µM. 
 
Reduction in tail moments following the 22-h recovery is expected as the cells 
possess a functional BER pathway, the characterized repair mechanism for the 
specific repair of oxidative lesions (Hoeijmakers, 2001; Rybanska and Pirsel, 2003).  
However, that XPD-deficient cells exhibit increased susceptibility to H2O2-induced 
damage and reduced repair capacity point toward the possibility that XPD and thus 
the NER pathway are involved in oxidative stress lesion repair.  XPD may be 
involved in such repair since certain oxidative lesions are specifically repaired by the 
NER (Satoh et al., 1993; Satoh and Lindahl, 1994).  Alternatively, XPD may 
functionally interact with the BER.  Our current study limits us from elucidating which 
possibility is true. 
 
Thus far we have shown that loss of functional XPD resulting in the loss of an 
efficient NER pathway increases vulnerability to oxidative damage possibly due to 
attenuated repair and loss of cell cycle checkpoints.  Subsequent daughter cells and 
future progeny may therefore cumulatively become more genomically unstable. 
Indeed, some cells have been shown to continue cycling without appropriate damage 
rectification (Shackelford et al., 2000) suggesting that XPD-deficient fibroblasts are 
less sensitive to H2O2-induced cell death at the expense of genome integrity and may 
thus be at an increased risk of accumulating oxidative DNA damage while cycling, 
possibly explaining the increased cancer incidence in XP-D patients. 
 
While XP-D cells grown under standard culture conditions do not harbour 
significant DNA damage, they may intrinsically be stressed and thus predisposed to 
damage accumulation.   Furthermore, exposure to ROS produced during 
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physiological metabolism is inevitable in an in vivo system.  In line with this, H2O2-
treated XPD-deficient cells showed heightened susceptibility to and retention of DNA 
damage, indicating that their genomic integrity is easily compromised under stress.  
Such observations implicate oxidative stress to be a major contributing factor in some 
symptoms of XP-D patients that cannot be attributed solely to UV-exposure such as 
neurological disorders, internal cancers and developmental defects (Reardon et al., 
1997; Taylor et al., 1997; Kraemer et al., 2007). 
 
Other than reducing cell viability and inducing cell cycle arrest and DNA 
damage (von Zglinicki, 2002; Duan et al., 2005) which our findings have 
corroborated,  oxidative stress has also been shown to accelerate telomere attrition 
and reduce proliferative capacity, leading to stress-induced premature senescence 
(SIPS) that predispose to ageing (Chen and Ames, 1994; von Zglinicki et al., 1995; 
Finkel and Holbrook, 2000; von Zglinicki, 2002; Duan et al., 2005).  Telomeres are 
terminal chromosomal structures that protect against end-to-end fusions and 
exonuclease attacks on the DNA (Slijepcevic et al., 1997; Hande et al., 1999b; de 
Lange, 2002; Artandi and Attardi, 2005).  They shorten with each cell division, 
reaching a critical length thought to signal permanent exit of the cell cycle and entry 
into senescence (Harley et al., 1990; Hastie et al., 1990; Lindsey et al., 1991; 
Klapper et al., 2001; Rodier et al., 2005; Gilley et al., 2005).  Telomeres tend to be 
particularly susceptible to damage-associated attrition because when compared to 
the rest of the genome, they are more vulnerable to oxidative damage-induced 
single-stranded breaks (Petersen et al., 1998; Henle et al., 1999) and are less well 
repaired (von Zglinicki et al., 2003).  Thus oxidative stress, via the induction of 
damage-induced telomere shortening, may drive SIPS which presents with similar 
features as physiological senescence.  That is, senesced cells enlarge, flatten out, 
are more granular than their younger proliferative counterparts (Kumazaki et al., 
1991), express SA ß-gal and cease proliferating. 
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As cells under physiological conditions face stresses chronically, we treated 
the cells with low dose oxidative stress over 30 days and observed, during this time, 
the markers of senescence such as PDN, senescent morphology, SA ß-gal 
expression, cell volume size and telomere attrition rate. 
 
Untreated XP-D cells featured senescent morphology and expressed more 
pronouncedly SA ß-gal earlier than that of untreated control cells.  Moreover, they 
possessed a lower proliferative capacity than control cells and at the end of the 30-
day treatment, significantly increased in cell volume and exhibited spontaneous 
telomere attrition compared to their Normal counterparts.  Such observations further 
support that XP-D cells harbour stress intrinsically and implicate a role of factors 
other than UV in the manifestations of XP symptoms. 
 
When exposed to 10 µM H2O2 for 30 days, PDN decreased slightly in both 
Normal and XP-D fibroblasts.  Naturally since XP-D fibroblasts proliferate slower than 
Normal fibroblasts, XP-D fibroblasts following such chronic oxidative stress 
presented with the lowest PDN with respect to time.  In addition, morphological 
changes that resembled senescence appeared earlier in both Normal and XP-D cells 
following H2O2 treatment, with the latter manifesting such morphology earlier than 
Normal cells. 
 
While the rate of telomere attrition for the first 12 days were comparable 
regardless of cell type and treatment condition, at the end of 30 days the rate was 
much higher when comparing treated Normal cells to that of untreated, and XP-D 
cells to that of Normal cells.  Notably, although treated XP-D cells had an increased 
rate of telomere loss compared to treated Normal cells, there was little difference 
between 10 µM H2O2-treated and untreated XP-D cells, suggesting that culture stress 
is sufficient to induce accelerated telomere shortening in XPD-deficient cells and 10 
µM of H2O2 may simply be too low a concentration to induce further attrition in these 
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cells.  Nonetheless, the reduction of proliferation capacity coupled with the earlier 
onset of senescent morphology and increased rate of telomere attrition following 
treatment with 10 µM H2O2 indicate that the lack of XP-D increases sensitivity to 
chronic exposure to low level of H2O2.  In hope of inducing a total halt in proliferation 
that likens senescence, we next treated the cells with 20 µM of H2O2 or 40% O2. 
 
Cells exposed chronically to 20 µM H2O2 or 40% O2 exhibited a reduction in 
PD, changes in morphology that hinted senescence, accelerated expression of SA ß-
gal, increase in cell volume and enhanced telomere attrition rates compared to 
untreated counterparts.  To note, following chronic exposure to either forms of 
oxidative stress, both Normal and XP-D cells failed to display a cumulative increase 
in PDN with time indicative of cessation in proliferation, with 20 µM H2O2-treated XP-
D cells exhibiting a drastic reduction in PD (to that under 1) compared with untreated 
counterparts.  Furthermore, XP-D cells exposed to chronic levels of 20 µM H2O2 or 
40% O2 showed morphological hints of senescence earlier than that of treated control 
cells, again with 20 µM H2O2-treated XP-D fibroblasts showing these changes earlier 
than that of the control cells.  However, of the two treatments, only 40% O2 elicited 
the earlier expression of SA ß-gal in XP-D cells earlier than in control cells.  That XP-
D cells exhibit these markers of senescence is expected since the same is already 
seen in these cells treated with 10 µM H2O2, only that the consequences are more 
severe under chronic treatments of such oxidative stress levels. 
 
Telomere length reduction following the 30 days of treatment with 20 µM H2O2 
or 40% O2 was enhanced in Normal cells but not in XP-D cells.  However, XP-D cells 
exhibited augmented telomere loss compared to that of Normal cells regardless of 
treatment condition.  When PD was taken into account to give the rate of telomere 
attrition, the attrition rate in XP-D cells was found to not only be higher than that of 
Normal counterparts regardless of condition, but also found to increase compared to 
untreated counterparts following chronic oxidative stress.  That the rate of telomere 
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shortening increased in the Normal cells chronically exposed to low levels of H2O2 
and 40% O2 corroborate previous studies that demonstrated that cells when 
subjected to oxidative stress exhibited an increase in loss of telomeric repeats (von 
Zglinicki et al., 1995; von Zglinicki, 2002; Duan et al., 2005).  In addition, the 
observation of spontaneous telomere loss and increased susceptibility to oxidative 
stress-induced telomere loss in XP-D cells suggest that the XPD protein may play a 
functional role in maintaining the integrity and length of telomeres. 
 
Growing evidence has indicated an essential role of DNA repair factors such 
as the NHEJ components, ATM, BLM, DNA-PKcs, WRN and even the NER factor 
XPF, in the maintenance of not only the genome but telomeric integrity.   It is thus not 
surprising that these same repair factors have been found to be implicated in both 
cancer development and progeriod syndromes associated or not associated with 
cancers (Metcalfe et al., 1996; Slijepcevic et al., 1997; Hande et al., 1999b; Gilley et 
al., 2001; d'Adda di Fagagna et al., 2001; Opresko et al., 2002; Opresko et al., 2005; 
Munoz et al., 2005).  Specifically, ataxia telangiectasia cells exhibit accelerated 
telomere loss (Hande et al., 2001) and premature senescence (Tchirkov and 
Lansdorp, 2003; Lee et al., 2005), features that XP-D fibroblasts also exhibit as in our 
results.  Our cell kinetic study and long term chronic treatment studies suggest that 
XPD might indeed have a role in telomere maintenance and cellular age since the 
loss of this protein renders cells more sensitive to oxidative SIPS and telomere 
attrition.  Significantly, our findings also implicate oxidative stress as an additional 
factor in the progeroid phenotypes of XP patients. 
 
We utilized microarray to elucidate the gene expression profiles following 
treatment with a sub-lethal concentration of 40 µM H2O2.  In relevance to this work, 
we looked at select genes in 3 broad clusters: cell death, DNA damage-repair and 
cell cycle regulation (Table 24).  Relating to the previous point that DNA repair 
factors are involved in telomere maintenance, we have shown that XP-D fibroblasts 
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exhibited increased telomeric loss after H2O2 treatment as well as significant down-
regulation of DNA damage repair genes including DNA polymerase complex genes 
POLA1, POLD1, POLE1, POLE2, RFC3, RFC4, and RFC5, BER pathway genes 
LIG1 and PARP1, and homologous repair genes EXO1, RAD51 and RAD54L.  DNA 
damage checkpoint effectors CHEK1, RAD9A and MDC1 were also down-regulated 
in XP-D cells.  This is consistent with previous findings that XPD is involved in 
modulating checkpoint activation (Giannattasio et al., 2004; Marini et al., 2006); Loss 
of XPD thus results in deregulation of checkpoint genes.  In addition, BLM helicase 
and H2AFX were also down-regulated in XP-D cells.  Interestingly, some of these 
genes such as PARP1 (d'Adda di Fagagna et al., 1999) and BLM (Opresko et al., 
2002) have also found a role in telomere maintenance. 
 
Notably, genes associated with the polymerase complex were also down-
regulated albeit by a lesser extent in Normal cells compared to XP-D cells at the 
recovery time point, suggesting that H2O2 treatment disrupts DNA replication 
associated with repair and physiological DNA replication regardless of the presence 
of functional XPD.  However, the augmented down-regulation of genes involved in 
multiple repair pathways in XP-D cells following H2O2 exposure suggests that the 
loss of functional XP-D and possibly the loss of a functional NER pathway impinge on 
the proper functioning of other repair mechanisms.  This possibility is supported by 
an increase in DNA damage following H2O2 exposure in the form of MN (Figure 25A 
and B) and a decreased ability to restore tail moments to that of control lengths after 
recovery (Figure 27A-C).  Despite the perceived lack of DNA repair in XP-D cells, at 
2 h of H2O2 treatment, these cells exhibited an up-regulation of GADD genes 
indicating the lack of XPD does not impede detection and responsiveness to H2O2 
exposure but only disrupts proper repair functions. 
 
Following 22 h recovery from H2O2 in fresh media, both Normal and XP-D 
fibroblasts saw an up-regulation in tumour necrosis factor gene TNFRSF10A and 
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other pro-apoptotic genes such as DDIT3 and p53-dependent pro-apoptotic genes 
TP53INP1 and TP53I3.  At the same time, the anti-apoptotic gene SPHK1 was more 
down-regulated in Normal cells than in XP-D cells, and the anti-apoptotic gene 
Survivin was down-regulated in XP-D but not Normal cells.  This indicates that both 
Normal and XP-D fibroblasts are predisposed to cell death when treated with 40 µM 
H2O2.  In fact, such gene expressions are consistent with the reduction of cell viability 
in Normal cells (Figure 18) after H2O2 treatment but not with that of XP-D cells.  
Interestingly, anti-apoptotic gene TNFRSF6B was down-regulated in Normal but up-
regulated in XP-D cells, providing a possible reason why XP-D cells are less 
susceptible to H2O2-induced cell death.   In addition, pro-survival antioxidant enzyme 
gene GPX1 was also up-regulated in XP-D but not in Normal cells.  Having laid a 
possible explanation why XP-D cells are not as susceptible to H2O2-induced cell 
death, it is important to note that the molecular events for apoptosis is a multifaceted 
network and it is difficult to reason exactly why certain gene expressions are contrary 
to the viability outcome of the cell. 
 
Despite the lack of changes in cell cycle profiles in XP-D fibroblasts (Figure 
20C), numerous genes related to the cell cycle were differentially expressed in these 
cells following H2O2 treatment.  Specifically, all the genes reflected under the cell 
cycle regulation cluster except DNA response genes GADD45A and GADD45G, and 
cdk inhibitor CDKN1A/p21Cip1 were down-regulated at the recovery time point.  Pro-
replicative genes CDT1, CDC45L, CDC7, and polymerase genes were down-
regulated indicative of disruption of DNA synthesis.  Genes required for transcription 
of other genes essential for S phase entry such as E2F2 and TFDP1, were also 
down-regulated, further supporting that 40 µM H2O2 is sufficient to interfere with DNA 
replication.  In addition, cyclins, cdks such as CDK2 and CDC2, CDC25 
phosphatases required to activate cdks, ubiquitin-associated genes CDC20 and 
UBE2C, and mitotic genes KNTC1, MAD2L1, CDCA8, BUB1, BUB1B, KIF20B, 
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PRC1 and AURKA were significantly down-regulated in H2O2-treated XP-D cells 
following recovery (24 h).  The down-regulation of cell cycle genes coupled with the 
up-regulation of the negative regulator of the cell cycle, CDKN1A/p21Cip1, in XP-D 
cells indicate that the lack of XPD results in inability to proceed efficiently with the cell 
cycle in spite of the absence of cell cycle profile changes after treatment with H2O2.  
This is consistent with our difficulty in yielding sufficient analyzable metaphases in 
XP-D fibroblasts following treatment with this concentration of H2O2.  As already 
mentioned, XPD has been found to be involved in checkpoint activation, NER and 
transcription.  Thus the lack of this protein may very well result in differential 
expression of cell cycle genes. 
 
In this study, we have shown that the loss of XPD renders cells more 
vulnerable to H2O2-induced genotoxicity regardless of cell type or cell death 
susceptibility.   We have also demonstrated that chronic oxidative stress induces 
accelerated premature senescence characteristics, consistent with previous studies 
(Chen and Ames, 1994; von Zglinicki et al., 1995; von Zglinicki, 2002; Duan et al., 
2005).  In addition, we show that XP-D fibroblasts possess slower cycling capacity, 
which may have resulted from insidious cumulative DNA damage.  Moreover, XP-D 
cells present with hastened onset of senescent features and accelerated telomere 
loss, which are manifested even earlier upon exposure to chronic oxidative stress.  
This indicates that the lack of XP-D increases sensitivity to oxidative stress, which 
may underlie the XP symptoms that cannot be simply attributed by UV-exposure 
such as premature ageing, developmental defects and increased risk of internal 
cancers.  Different cell systems respond differently following stress and this may also 
explain in part the symptoms of XP; cells that die from increased damage may pose 
developmental delays and defects while cells that survive whilst harbouring the 
incurred DNA damage may become tumourigenic.  Nonetheless, our findings 
implicate oxidative stress as a possible major factor in some XP symptoms, 
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particularly those affecting tissues away from the body surface which are obviously 
protected from UV-exposure. 
 
UV-irradiation and many other genotoxic agents generate ROS (Finkel and 
Holbrook, 2000; Halliday, 2005; Nishigori, 2006) that bring about adverse effects on 
cells.  Without a functional NER, cells are unable to protect its genome from the 
ROS-induced DNA damage, predisposing them to cell death, transformation or 
senescence.  Since XPD functions both in the NER and basal transcription, loss of its 
function may well render cells unable to verify and repair NER lesions, as well as 
impair transcription of essential genes (Sugasawa, 2008), thus leading to apoptosis 
defects (Wang et al., 1996b; Robles et al., 1999; Seker et al., 2001), checkpoint 
dysfunctions (Giannattasio et al., 2004; Marini et al., 2006) and cell cycle 
deregulation, in turn resulting in inefficient repair and sustained damaged.  These 
events may ultimately underlie the accelerated telomere attrition seen in the XP-D 
cells, possibly bringing about premature senescence.  Our study thus implicates a 













Role of Cockayne Syndrome B (CSB) protein in 




The CSB/ERCC6 protein is 168 kDa in size and is involved in the TCR sub-
pathway of the NER (Troelstra et al., 1992; Selby and Sancar, 1997), where DNA 
lesions from transcribed strands of active genes are preferentially excised in order to 
rapidly restore UV-inhibited transcription.  CSB is suggested to recognize and 
displace stalled RNA polymerase II and recruit other NER proteins for subsequent 
steps in the repair process (Troelstra et al., 1992; Hanawalt et al., 1994; Sarker et al., 
2005).  CSB interacts with NER components such as XPA, RNA Pol II, XPG, CSA 
and TFIIH (van Gool et al., 1997; Selby and Sancar, 1997; Tantin et al., 1997; Tantin, 
1998; Bradsher et al., 2002; Sarker et al., 2005). 
 
CSB has also been implicated in the base excision repair (BER) of oxidative 
lesions such as 8-oxoguanine and 8-oxoadenine via interactions with DNA 
glycosylases in the nucleus and mitochondria (Selzer et al., 2002; Tuo et al., 2003; 
reviewed in Stevnsner et al., 2008).  In line with this, CSB-deficient cells have been 
found to accumulate oxidative base lesions following oxidative stress (Tuo et al., 
2003). 
 
Beside DNA repair, CSB is thought to be important in basal transcription via 
RNA polymerases I, II and III (reviewed in Stevnsner et al., 2008); Patient samples 
lacking functional CSB are aberrant in in vivo and in vitro transcription even in the 
absence of UV-irradiation (Dianov et al., 1997; Balajee et al., 1997).  Moreover, CSB 
plays a role in the regulation of post-UV and post-oxidative stress (induced by H2O2) 
transcriptional patterns;  Expression of genes related to DNA repair, signal 
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transduction, transcription, translation, cell cycle progression and chromatin 
remodelling were found to be affected in CSB-deficient cells following such assault 
(Kyng et al., 2003; Proietti-De-Santis et al., 2006; Newman et al., 2006).  As a 
helicase motif-containing DNA-dependent ATPase, CSB is a member of the 
SWI2/SNF2 ATPase domain-containing family of proteins which have putative roles 
in chromatin remodelling.  In particular, CSB interacts directly with double-stranded 
DNA and core histones and is thought to permit gene expression by tweaking 
protein-DNA interactions (Citterio et al., 1998; Citterio et al., 2000). 
 
Approximately 80 % of CS cases are caused by a defect in CSB (Mallery et 
al., 1998).  The multiple roles of CSB explain why mutations in different regions of the 
ERCC6 gene result in the pleiotropic clinical manifestations seen in this TCR-specific 
segmental progeroid disorder (Venema et al., 1990; van Hoffen et al., 1993; de Boer 
and Hoeijmakers, 2000).  In fact, many CS symptoms such as retarded development 
and premature ageing features are attributed to the inability of CS cells to cope with 
oxidative DNA lesions and to carry out transcription regardless of UV exposure 
(Leadon and Cooper, 1993; de Waard et al., 2004; Hanawalt and Spivak, 2008). 
 
Increasing studies demonstrate that defects in DNA repair factors such as the 
RecQ helicases, WRN and BLM, (Crabbe et al., 2004; Du et al., 2004; Lee et al., 
2005; Opresko et al., 2005), and the NER factor XPF/ERCC1 (Zhu et al., 2003; 
Munoz et al., 2005) are linked to telomere attrition associated with premature 
senescence, telomere-related chromosomal anomalies and progeroid features 
(reviewed in Hande, 2004; Slijepcevic, 2008; d'Adda di Fagagna, 2008; Low and 
Hande, 2008).  As CSB-deficient mice like CS patients present with premature 
ageing features associated with increased sensitivity to oxidative stress, and 
oxidative stress accelerates telomere shortening, we hypothesize that CSB is 
involved not only in DNA repair, oxidative stress management and UV-inhibited 
transcription but also in telomere homeostasis. 
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5.2 Objectives 
 We sought to determine the involvement of CSB in oxidative DNA damage-
repair and telomere dynamics by treating primary fibroblasts from a CS-B patient, 
hereafter known as CS-B fibroblasts, with H2O2 or increased ambient O2 partial 
pressure of 40% (40% O2).  Thereafter, we performed assays related to survival, 
genome stability and growth kinetics.  With this we set out to achieve the following 
objectives: 
 
1) To examine the sensitivity of cells lacking CSB to oxidative stress 
2) To investigate the role of CSB in oxidative damage-repair competency and 
genomic stability. 
3) To understand the role of CSB in growth kinetics and telomere dynamics. 
4) To investigate the role of CSB in oxidative stress response mechanisms. 
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5.3 Results 
5.3.1 H2O2 treatment decreases cell viability of cells with CSB-deficient 
fibroblasts showing less sensitivity 
The cell viability of all the three types of fibroblasts decreased in a dose-
dependent manner following H2O2-treatment (P < 0.05; Figure 32).  However, the 
control fibroblasts, IMR-90 and Normal, exhibited viabilities lower than that of CS-B 
from concentrations of 60 µM and higher (P < 0.01).  Specifically, while the viabilities 
of IMR-90 and Normal fibroblasts were less than 50% at H2O2 doses above 60 µM, 
these concentrations remained sub-lethal to CS-B fibroblasts (Figure 32). 
 
5.3.2 CS-B fibroblasts display minimal morphological changes 
following H2O2 treatment 
Morphology of attached fibroblasts was observed 2 h following H2O2 
treatment and 22 h after a change of fresh media without H2O2 (Figure 33).  At the 2-
h time point, Normal cells reacted to H2O2, as seen by the refractive cells.  However, 
the morphology of CS-B cells did not change significantly immediately after 
treatment.  Importantly 22 h after the fresh change of media, treated Normal cells 
were less able to proliferate to confluence compared to untreated counterparts, while 
CS-B cells started to show signs of cell damage at concentrations of 80 µM and 
above.  We next looked at cell cycle kinetics following H2O2-treatment to determine 
whether the lack of decrease in cell viability and density in CS-B fibroblasts following 
oxidative stress induced by H2O2 was accompanied by cell cycle arrest. 
 
5.3.3 CS-B fibroblasts showed signs of late S-phase arrest following 
H2O2 –treatment 
Control fibroblasts, IMR-90 and Normal, exhibited an increase in the sub-G1 
population indicative of cell death at higher concentrations of H2O2 (Figure 34A and 
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B).  Specifically, the sub-G1 population of IMR-90 fibroblasts showed an increase at 
concentrations of 60 µM and above (Figure 34A) while that of Normal fibroblasts 
increased at concentrations of 40 µM and above (Figure 34B).  Other than an 
increase in the sub G1 phase, IMR-90 and Normal cells also exhibited some other 
changes in the cell cycle.  IMR-90 cells demonstrated a gradual increase in the S 
phase population accompanied by a decrease in the G2/M phase with increasing 
H2O2 concentration (Figure 34A).  Normal cells suffered a decrement in G1 and G2/M 
phases without significant change in the S phase population at concentrations of 60 
µM and above compared to 40 µM (Figure 34B).  In contrast to the control cells, CS-
B fibroblasts exhibited minimal changes in the cell cycle profile except for a negligible 
increase in the sub-G1 population at 80 µM and 100 µM H2O2 and a slight increase in 
S phase population from H2O2 concentrations of 60 µM and above (Figure 34C).  
 
We next looked at the cell cycle profile changes of the fibroblasts treated with 
a low/intermediate dose of 40 µM and a higher dose of 80 µM H2O2 during a 48-h 
time course. 
 
During this 48-h time course, the profiles of IMR-90 fibroblasts treated with 40 
µM H2O2 did not change significantly but those treated with 80 µM exhibited an 
increase in sub-G1 population from the 24-h time point onwards accompanied by a 
slight decrease in the G2/M population and slight increase in S phase (Figure 35).  
Normal cells showed increased sensitivity to H2O2-induced sub-G1 population; both 
concentrations of H2O2 were able to induce an increase in sub-G1 population at as 
early as 6-h (Figure 36).  On the contrary, CS-B cells did not show much change in 
sub-G1 population of the cell cycle profiles following H2O2 treatment during the 48-h 
time course (Figure 37), consistent with the cell viability study (Figure 32).  To note, 
however, is the loss of a distinct S phase population and a corresponding widening of 
the second peak in the cell cycle, indicative of a marginal late-S/G2/M phase arrest, 








concentration of H2O2 (80 µM), a very slight sub-G1 population increase was seen 
from 24 h onwards (Figure 37). 
 
To ascertain if the presence or absence of cell death and cell cycle profile 
changes were associated with increase in DNA damage, we examined 2 DNA 
damage markers: CBMN, and Comet tails. 
 
5.3.4 CS-B cells produced significantly more micronuclei than Normal 
cells following H2O2 treatment 
Cells that have completed a single nuclear division immediately following a 2-
h H2O2 treatment were arrested at cytokinesis to produce binucleated (BN) cells as 
described above.  Shown in Table 25 are the scores of the presence and distribution 
of micronuclei (MN) in BN cells.  Table 26 shows the collated summary of the MN 
frequency expressed as the percentage of BN with MN and the percentage of total 
MN per 1000 BN cells respectively.  Examples of BN cells with and without the 
presence of MN are shown in Chapter 3 (Figure 9A-C). 
 
Both the frequency of BN with MN and the MN frequency of both Normal and 
CS-B fibroblasts increased significantly with increasing H2O2 concentration (P < 0.05; 
Table 26 and Figure 38).  H2O2 concentrations of 60 µM and higher did not yield 
enough BN fibroblasts for accurate analysis.  Nonetheless, low doses of H2O2 (20 
and 40 µM) was sufficient to increase significantly both the percentage of BN with 
MN and the MN frequency of CS-B fibroblasts compared to that of Normal fibroblasts 
(P < 0.05; Figure 38A and B, Table 26).  To note, the occurrence of CS-B BN 
harbouring two or more MN following 40 µM H2O2-treatment was higher than that of 










5.3.5 Lack of functional CSB increases DNA damage susceptibility to 
H2O2 and compromises H2O2-induced DNA lesion-repair 
To study and compare the competence of these cells to recover from H2O2-
induced DNA damage, we measured the overall genomic integrity of both Normal 
and CS-B fibroblasts at two time points: the first one immediately following the 2-h 
H2O2 treatment and the second one after 22 h of recovery in fresh media without 
H2O2.  Harvested cells were subjected to electrophoresis.  The resulting comets were 
then analyzed for tail moments, a function of tail size and fluorescence intensity 
(Collins, 2004).  A representation of a SYBR-Green-stained nucleus showing 
apparently no damage and one with a comet tail indicative of DNA damage 
respectively are displayed in Chapter 3 (Figure 11A and B). 
 
At the 2-h time point, both Normal and CS-B fibroblasts exhibited dose-
dependent increases in tail moments at concentrations of 40 µM and higher (P < 
0.001; Figure 39B).  Following the 22-h recovery period, both Normal and CS-B cells 
showed significant drops in tail moments compared to their corresponding 2-h 
counterparts (P < 0.01; Figure 39A).  This suggests that increasing the 
concentrations of H2O2 induced more DNA damage and that DNA repair took place 
when cells were allowed to recover. 
 
Untreated and 20 µM H2O2-treated CS-B fibroblasts did not display any 
significant differences in tail moments from that of Normal counterparts at the 2-h 
time point (P > 0.05).  However, at the same time point, concentrations of 40 µM and 
above induced greater tail moments in CS-B fibroblasts than in Normal counterparts 
(P < 0.001; Figure 39B).  Following recovery, although both Normal and CS-B 
fibroblasts demonstrated significantly decreased tail moments compared to their 2-h 
counterparts (P < 0.01;Figure 39A), the recovered tail moments of CS-B did not 
shorten to that of untreated counterparts from concentrations of 60 µM and up (P < 
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0.05; Figure 39C).  In addition, at 60 µM and 80 µM H2O2, these recovered tail 
moments were longer than that of Normal counterparts (P < 0.001; Figure 39C). 
 
5.3.6 Fibroblasts exhibit senescent features earlier when subjected to 
oxidative stress, with CS-B fibroblasts showing accelerated signs 
of senescence compared to control fibroblasts 
We first looked at the population doubling number (PDN) over a period of 6 
days (Figure 40) to understand the growth rate of the fibroblasts and found that CS-B 
fibroblasts required a longer time to double compared to control cells.  We then 
cultured these cells for 30 days under chronic oxidative stress with a paired control 
that was cultured under standard conditions. The initial experiment included only a 
treatment of 10 µM H2O2 but as we did not see much changes in the cells, we 
followed the cells using 20 µM H2O2 and 40 % O2. 
 
5.3.6.1 Chronic exposure to 10 µM H2O2 results in reduced PDN, morphology 
changes indicative of senescence and accelerated telomere shortening, 
where CS-B cells exhibits earlier senescent characteristics and 
increased telomere attrition 
During the 30-day treatment with 10 µM H2O2, cells were harvested and 
counted every six days.  The resultant PDN was tabulated and plotted in a time 
graph (Table 27 and Figure 41A).  Consistent with Figure 40, untreated CS-B cells 
displayed slower doubling compared to that of Normal cells.  Treatment with 10 µM 
H2O2 resulted in a reduction of PDN in both cell types although they continued to 
show the ability proliferate (Table 27 and Figure 41A). 
 
Next, we looked for morphology changes indicative of senescence in these 
cells over the 30 days of treatment (Figure 41).  Young fibroblasts are typically 







Under standard culture conditions, cell enlargement and flattening were observed in 
untreated Normal and CS-B cells on days 28 and 24 respectively.  Chronic treatment 
with 10 µM H2O2 accelerated the appearance of senescent morphology of both 
Normal and CS-B cells, at days 23 and 22 respectively (Figure 41B). 
 
Total DNA was extracted from cells at the beginning (day 0), middle (day 12) 
and end (day 30) of the treatment and subjected to terminal restriction fragment 
(TRF) length analysis, where non-telomeric and non-subtelomeric DNA were 
digested using Hinf I and Rsa I restriction enzymes.  Figure 41C is an image of the 
southern blot of the TRFs from both Normal and CS-B fibroblasts.  Over the 30-day 
period, both untreated and treated Normal and CS-B cells showed progressive 
decrease in TRF (Table 28 and Figure 41D).  Interestingly, the slope of TRF length 
decrease, indicative of accelerated telomere attrition, is steeper in CS-B samples 
than that of Normal fibroblasts (Table 28 and Figure 41D).  This is made clear when 
we looked at the decrease in TRF length at day 12 and day 30 from day 0 of the 
treatment (Table 29 and Figure 41E).  Specifically, regardless of exposure to H2O2 
and of the day of analysis, CS-B fibroblasts showed distinctly increased loss of TRF 
length compared to that of Normal fibroblasts (Table 29 and Figure 41E).  Also to 
note is that treated Normal fibroblasts compared to their untreated counterparts 
exhibited an increased reduction in TRF length after 30 days while treated CS-B 
fibroblasts showed more obvious reduction only at 12 days but not 30 days 
compared to their untreated counterparts (Table 29 and Figure 41E). 
 
As telomeres are lost with each cell division, we took the PDN into account to 
yield TRF attrition rate (Table 30 and Figure 41F) to see if CS-B cells were more 
susceptible to losing telomeres with each cell doubling.  Chronic exposure to such a 
low dose of H2O2 resulted only in a marginal increase in rate of TRF loss in Normal 
fibroblasts (Table 30 and Figure 41F).  CS-B fibroblasts however showed a distinctly 
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increased rate of TRF length attrition following chronic exposure to 10 µM H2O2 for 
the first 12 days of treatment (Table 30 and Figure 41F). 
 
Interesting to note is that CS-B cells had longer telomeres than Normal 
fibroblasts at the beginning of the treatment (Table 28 and Figure 41D) and 
spontaneously lost more telomeres as depicted by the increased rate of TRF attrition 
in untreated CS-B cells compared to that of Normal cells (Table 30 and Figure 41F). 
 
5.3.6.2 Chronic treatment using 20 µM H2O2 and 40 % O2 accelerated features of 
senescence and telomere shortening, where CS-B cells exhibit 
senescent characteristics earlier and increased telomere attrition 
Cells were exposed chronically to 20 µM H2O2 and 40 % O2 for 30 days, 
where they were harvested and counted when untreated cells reached 90 % 
confluence.  IMR-90 fibroblasts showed a much higher proliferation capacity 
compared to both Normal and CS-B fibroblasts regardless of treatment condition as 
shown by the higher PDN at each time point compared to the other cell types (Table 
31 and Figure 42A).  Importantly, chronic oxidative stress in the form of 20 µM H2O2 
and 40 % O2 both considerably decreased the doubling capacity of all three cell types 
(Table 31 and Figure 42A).  Untreated and treated Normal and CS-B fibroblasts 
showed similar growth kinetics, where treated fibroblasts were hardly doubling over 
the 30 days of treatment (Table 31 and Figure 42A). 
 
Senescence was further investigated using other parameters such as 
changes in cell morphology indicative of senescence (Figure 42B), expression of 
senescence-associated beta-galactosidase (SA ß-gal) (Figure 42C) and increase in 
cell volume (Table 32 and Figure 42D). 
 
IMR-90 fibroblasts when grown under standard culture conditions did not 













end of the treatment (Figure 42B).  Both Normal and CS-B cells grown under these 
same conditions however started to exhibit morphological changes reminiscent of 
senescence by day 27 (Figure 42B).  Chronic exposure to 20 µM H2O2 and 40 % O2 
both hastened the onset of senescent morphological features of all cell types, with 
CS-B cells showing these features earlier than both IMR-90 and Normal fibroblasts.  
Specifically, following 20 µM H2O2 treatment, IMR-90, Normal and CS-B cells showed 
characteristics of senescent morphology on days 17, 12 and 7, while these cells 
when grown in 40 % O2 exhibited similar changes on days 11, 17 and 7 respectively 
(Figure 42B). 
 
Cells were also stained for SA ß-gal depicted by blue stain during the process 
of the 30-day treatment (Figure 42C).  When grown under standard conditions, 
positive staining was not detected even on the last day of the treatment in Normal 
fibroblasts, while IMR-90 cells exhibited only minimal positive stain on the 30th day of 
treatment.  However, CS-B fibroblasts exhibited positive staining as early as the 18th 
day of treatment (Figure 42C).  The occurrence of blue staining was accelerated in all 
three cell types when they were chronically exposed to oxidative stress.  When 
exposed chronically to 20 µM H2O2, IMR-90 fibroblasts exhibited positive staining on 
day 18, while Normal and CS-B fibroblasts stained positive earlier, on day 12.  
Interestingly, Normal cells exposed to 40% O2 did not stain positive even on day 30 
(Figure 42C) despite showing morphology indicative of senescence such as cell 
enlargement, flattening and granulation (Figure 42B).  Under this condition, IMR-90 
cells stained positive for SA ß-gal on day 18, but CS-B cells showed positive staining 
earlier, at day 12 (Figure 42C). 
 
Six days into exposure to chronic oxidative stress, cell volumes had not 
increased significantly, nor were there significant differences between cell types or 
between treatments (Table 32 and Figure 42D).  Untreated IMR-90 fibroblasts did not 
exhibit any changes in size with time, but both untreated Normal and CS-B cells on 
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the last day of treatment were larger than that of at day 0 (P < 0.001).  IMR-90 cells 
exposed chronically to 20 µM H2O2 did not exhibit significant changes in cell volumes 
with time.  However, both Normal and CS-B fibroblasts treated with 20 µM H2O2 
showed a volume increase when compared to their untreated (P < 0.01) and day 0 (P 
< 0.001) counterparts from day 12.  Notably, under this treatment condition, CS-B 
cells from day 12 onwards were significantly larger in volume than that of Normal 
cells (P < 0.001).  Chronic exposure to 40 % O2 resulted in significant increase in cell 
volume in Normal (P < 0.001) and IMR-90 (P < 0.05) fibroblasts at day 18 and CS-B 
cells at day 12 (P < 0.05) compared to their untreated counterparts.  Also, under this 
condition, significant increase in cell volume compared to day 0 was seen in IMR-90 
fibroblasts at day 30, Normal and CS-B cells at day 12 (P < 0.001). 
 
We next looked at TRF lengths of Normal and CS-B cells in the beginning 
and end of the treatment.  An image of the resulting southern blot is shown in Figure 
42E.  Both Normal and CS-B cells showed a decrease in TRF length regardless of 
condition after 30 days (Table 33 and Figure 42F).  Importantly, both cell types when 
exposed to oxidative stress of either 20 µM H2O2 and 40 % O2 saw an increased loss 
of TRF length compared to that of their counterparts grown under standard 
conditions (Table 34 and Figure 42G).  To note, CS-B cells had longer telomeres 
than that of Normal cells (Table 33 and Figure 42F) and showed an augmented 
reduction in TRF lengths than Normal cells regardless of condition type (Table 34 
and Figure 42G).  Taking PDN into account, we analyzed the rate of TRF attrition 
and found that the rate of attrition of TRF of cells under oxidative stress was greatly 
increased compared to that of untreated controls (Table 35 and Figure 42H).  
Interestingly, CS-B cells exhibited spontaneous telomere shortening as seen by the 
increased TRF loss in untreated cells compared to Normal cells.  While CS-B cells 
regardless of treatment condition displayed an increased rate of TRF attrition 
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compared to that of Normal cells, those treated with 20 µM H2O2 showed a stark 
difference to that of Normal cells (Table 35 and Figure 42H). 
 
5.3.7 Differential gene expression patterns in CSB-deficient and Normal 
fibroblasts following H2O2 treatment 
Microarray was performed on fibroblasts exposed to 40 µM H2O2 2 h after 
exposure and fibroblasts that were allowed to recover after the 2 h in fresh medium 
without H2O2 for 22 h. The 2-D hierarchical clustering of the analysis of the treated 
cells versus the untreated cells at the two time points is shown in Figure 43A with the 
brief overview of the number and percentage of genes differentially expressed in 
different biological processes displayed in Figure 43B.  Select genes were 
categorized into three main clusters: cell death, DNA damage repair and cell cycle 




















CS-B primary fibroblasts in our study have shown to be less susceptible to 
H2O2-induced cell death compared to control cells, possibly because these cells have 
a functional defect in the TCR pathway.  Moreover, CSB has been found to have role 
in oxidative stress repair and BER (Selzer et al., 2002; Tuo et al., 2003; Frosina, 
2007; Stevnsner et al., 2008).  Aberrant repair pathways may result in signalling 
changes that incapacitates damage-induced cell death.  Contrary to our findings that 
CSB-deficient cells appeared less sensitive to oxidative stress, other groups have 
found CSB-deficient cells to be hypersensitive to UV-induced apoptosis (Mayne and 
Lehmann, 1982; Conforti et al., 2000; Laposa et al., 2007; de Waard et al., 2008).  
However, CSB-deficient mouse embryonic fibroblasts and embryonic stem cells have 
shown differential sensitivity to UV and ionizing radiation (de Waard et al., 2008) and 
the sensitivity of CS cells to oxidative stress has been suggested to be an 
inconsistent feature (de Waard et al., 2004).  Thus, it is possible that CS-B human 
fibroblasts might respond with differing sensitivity to H2O2 compared to UV.  In 
support of this, CSB-deficient mouse keratinocytes have presented with increased 
resistance to UVB-induced apoptosis accompanied by prolonged growth arrest 
compared to NER deficient keratinocytes (Stout et al., 2005).  Given more time 
however, we may see cell death or more prominent cell cycle arrest in the CS-B 
fibroblasts. 
 
Our next step in looking at the cell cycle arrest serves two functions.  First, 
increase in the sub-G1 population infers cell death following treatment, which 
supports our cell viability assay.  Second, decrease in cell viability following H2O2 
exposure could instead reflect cell cycle arrest.  ROS has been shown to induce DNA 
damage resulting in obligatory cell cycle arrest  (Shackelford et al., 2000).  Of course, 
a decrease in viability could include both arrest in the replicative cycle, as well as cell 
death. 
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Morphology of the fibroblasts 2 h immediately following H2O2 treatment 
revealed that Normal cells are indeed more sensitive to H2O2 as shown by the 
refractive cells.  The cell cycle patterns pertaining to sub-G1 population support our 
cell viability data.  Although CS-B cells neither displayed much cell death nor 
significant changes in the cell cycle, they exhibited a slight late S phase/G2/M phase 
arrest with time.  Such observation may be either attributed to insufficient damaged 
induced by the used concentrations of H2O2 or to defective cell cycle checkpoint 
activation in CS-B cells.  While the latter is a very probable reason, loss of GG-NER 
but not TCR has been found to affect checkpoint triggering (Marini et al., 2006). 
 
Metabolic processes produce ROS as by-products such as H2O2, which is 
catalyzed to produce •OH radicals, another ROS.  Cells exposed to oxidative stress 
in culture accumulate protein modifications, lipid peroxidation and DNA damages in 
the form of strand breaks and oxidized bases (Brawn and Fridovich, 1981; Sies and 
de Groot, 1992; Stadtman, 2006).  Accumulation of oxidative DNA lesions and 
reduced efficiency of DNA repair has been associated with ageing phenotypes and 
cancer (Finkel and Holbrook, 2000).  With the knowledge that CSB may be involved 
in repair of oxidative lesions,  we tested for DNA damage biomarkers using CBMN 
and SCGE assays (Fenech, 2002).  The CBMN assay analyses for the presence of 
MN which represents DNA loss in the form of chromosome fragments or whole 
lagging chromosomes that failed to attach to the mitotic spindle, while the SCGE 
assay analyses comet tail moments which represents overall nucleic DNA damage 
present. 
 
Although CS-B cells grown under standard culture conditions exhibited 
increased damage compared to Normal cells, this difference was not significant.  
Notably, in an in vivo set up, these cells are faced with persistent oxidative stress 
from physiological metabolism and accumulate endogenous stress-induced damage 
resulting from deficient repair.  In line with this, organs of CSB-deficient mice and 
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brains of CS patients have been found to harbour enhanced oxidative DNA lesions 
(Hayashi et al., 2001; Kirkali et al., 2009). 
 
Treatment with low levels of H2O2 sufficed to induce significantly more DNA 
damage in CS-B fibroblasts than in Normal fibroblasts, supporting the notion that a 
compromised TCR renders CS-B cells prone to more severe consequences on the 
genome when faced with external stresses.  Moreover, SCGE analysis demonstrated 
that not only are CS-B cells more susceptible to H2O2-induced DNA damage as 
depicted by augmented tail moment lengths at the 2-h time point, they are also 
deficient in competent repair of the incurred damage as depicted by the lack of 
reduction of tail moments back to that of basal levels.  The retained tail moment 
lengths at 60 µM and 80 µM H2O2 were also significantly higher in CS-B compared to 
Normal cells, further corroborating that these cells accumulate oxidative stress and 
that CSB and the TCR are involved in the eradication of oxidative DNA lesions.  To 
note, although CSB has been established to be involved in oxidative stress repair 
and BER, which is the characterized repair pathway for dealing with oxidative 
damage (Dianov et al., 2001; Hoeijmakers, 2001; Slupphaug et al., 2003; Rybanska 
and Pirsel, 2003), normal BER function does not have to rely on CSB.  Therefore it is 
not surprising that both Normal and CS-B fibroblasts are able to reverse tail moment 
lengths by a considerable extent during recovery. 
 
At this juncture, we have demonstrated that deficiency in CSB that 
incapacitates TCR leads to cell cycle arrest and increased vulnerability to oxidative 
stress and accumulation of oxidative damage.  This is expected, with the availability 
of evidence pointing to the involvement of CSB in not only TCR and BER repair 
pathways, but also recovery from post-UV transcriptional arrest (Leadon and Cooper, 
1993; Ljungman and Zhang, 1996; Rockx et al., 2000; Tuo et al., 2003).  Thus our 
data corroborates with the currently accepted theory that oxidative stress is a major 
contributing factor in CS symptoms that cannot be attributed to UV exposure such as 
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neurological disorders, developmental delays and progeria (Leadon and Cooper, 
1993; Hanawalt and Spivak, 2008; Kassam and Rainbow, 2009). 
 
Oxidative stress has been shown to cause stress-induced premature 
senescence (SIPS) that possibly drives ageing via induction of stochastic damage, 
acceleration of telomere attrition and inhibition of proliferation (Chen and Ames, 
1994; von Zglinicki et al., 1995; Finkel and Holbrook, 2000; von Zglinicki, 2002; Duan 
et al., 2005).  As terminal chromosomal structures, telomeres protect against 
aberrant recombination and exonuclease attacks on the DNA (Slijepcevic et al., 
1997; Hande et al., 1999b; de Lange, 2002; Artandi and Attardi, 2005).  Due to the 
end replication problem, telomeres shorten with each cell division until they are 
critically short.  At this length, they are thought to signal permanent exit of the cell 
cycle and entry into senescence via a DNA damage response (Harley et al., 1990; 
Hastie et al., 1990; Lindsey et al., 1991; Klapper et al., 2001; Rodier et al., 2005; 
Gilley et al., 2005).  Compared to the rest of the genome, telomeres exhibit increased 
susceptibility to single-stranded breaks induced by oxidative stress (Petersen et al., 
1998; Henle et al., 1999) as well as reduced efficiency of repair (von Zglinicki et al., 
2003).  Thus telomeres are prone to accumulate breaks that obligatorily lead to 
enhanced shortening.  In this way, oxidative stress induces telomere shortening 
contributing to SIPS.  Prematurely senesced cells resemble naturally senesced cells 
in that they enlarge, flatten out and are more granular than their younger proliferative 
counterparts (Kumazaki et al., 1991), express SA ß-gal and cease proliferating. 
 
To mimic physiological chronic oxidative stress, we treated the cells with low 
dose oxidative stress over 30 days while observing markers of senescence such as 
PDN, senescent morphology, SA ß-gal expression, cell volume and telomere attrition 
rate.  Two experimental set ups were performed, where cells were treated with 10 µM 
H2O2 for the first set up, and with either 20 µM H2O2 or 40% O2 for the second. 
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PDN kinetics and time of appearance of senescent morphology in untreated 
CS-B fibroblasts with respect to untreated Normal cells were not consistent on the 
two different occasions.  Despite the inconclusiveness of whether loss of CSB in 
fibroblasts leads to reduced growth capacity or hastened senescent characteristics, 
untreated CS-B fibroblasts exhibited a significant increase in cell volume after 30 
days, a phenomenon that control cells did not show.  Also, they stained positive for 
SA ß-gal earlier than control cells and demonstrated spontaneous telomere attrition, 
indicating that lack of CSB may put cells at risk for premature senescence. 
 
Chronic exposure to 10 µM H2O2 decreased the PDN slightly in both Normal 
and CS-B fibroblasts, indicating that oxidative damage can slow down proliferative 
capacity.  Such treatment also hastened the onset of senescent morphology in both 
cell types.  Importantly, although the starting length of telomeres in CS-B fibroblasts 
was longer than that of Normal fibroblasts, it was rapidly lost over time regardless of 
exposure to 10 µM H2O2, indicating spontaneous telomere attrition.  Despite the 
increased rate of telomere loss in CS-B fibroblasts compared to Normal fibroblasts, 
CS-B cells did not show overt cessation of proliferation and senescent morphology, 
possibly because the absolute length of the telomeres dictate onset of senescent 
characteristics such as permanent cell cycle arrest, and these telomeres may not 
have reached that critical length yet.  Treatment with 10 µM H2O2 demonstrated a 
slight increase in the rate of telomere loss in Normal cells compared to that of 
untreated, consistent with findings that oxidative stress enhances rate of telomere 
shortening (von Zglinicki et al., 1995; von Zglinicki, 2002; Duan et al., 2005).  Such a 
treatment condition also increased the rate of telomere loss in CS-B cells especially 
in the first 12 days of the treatment, demonstrating that the lack of intact CSB 
increases the rate of oxidative stress-induced telomere shortening.  To note, both 
untreated and treated CS-B fibroblasts exhibited a largely increased rate of telomere 
attrition compared to their Normal fibroblast counterparts, indicating that the loss of 
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CSB function renders cells more susceptible to telomere loss regardless of oxidative 
stress, thus implying a possible role of CSB in telomere maintenance. 
 
When cells were exposed to either 20 µM H2O2 or 40% O2, PDN dropped 
drastically, senescent-like morphology and positive staining of SA ß-gal appeared 
earlier, cell volume increased earlier and telomere attrition rates increased drastically 
compared to untreated counterparts.  Specifically, both Normal and CS-B fibroblasts 
exhibited a severe reduction in PDN following chronic exposure to either forms of 
oxidative stress indicative of a halt in the cell cycle.  These observations indicate that 
exposure to oxidative stress chronically can indeed induce SIPS, consistent with 
previous findings  (von Zglinicki et al., 1995; von Zglinicki, 2002; Duan et al., 2005). 
 
Exposure to such levels of oxidative stress resulted in CS-B cells exhibiting 
senescent-like morphology much earlier and staining for SA ß-gal earlier than control 
cells.  Furthermore, treated CS-B cells enlarged compared to their untreated 
counterparts earlier, with those treated with 20 µM H2O2 enlarged significantly 
compared to that of controls.  Telomere attrition rates were also higher when 
comparing CS-B cells to that of Normal cells regardless of treatment condition, 
further suggesting that CSB not only functions in the defence of oxidative stress on 
the genome but also on the telomeres. 
 
Such a hypothesis that CSB may be involved in telomere protection is not 
ludicrous in the light of a spectrum of proof that has established an essential role of 
DNA repair factors such as the NHEJ components, ATM, BLM, DNA-PKcs, WRN and 
even the NER factor XPF, in the maintenance of telomeric integrity.  The function of 
these proteins as caretakers of both the genome and telomeres implicates them in 
carcinogenesis, ageing and premature ageing syndromes (Metcalfe et al., 1996; 
Slijepcevic et al., 1997; Hande et al., 1999b; Gilley et al., 2001; d'Adda di Fagagna et 
al., 2001; Opresko et al., 2002; Opresko et al., 2005; Munoz et al., 2005).  A classic 
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example is that of ataxia telangiectasia cells which exhibit accelerated telomere loss 
(Hande et al., 2001) and premature senescence (Tchirkov and Lansdorp, 2003; Lee 
et al., 2005).  That CS-B fibroblasts in our study exhibit the same features strongly 
correlates the role of the CSB protein to telomere maintenance and cellular age since 
the loss of this protein renders cells more sensitive to oxidative SIPS and telomere 
attrition.  Significantly, our findings also implicate oxidative stress as an additional 
factor in the progeroid phenotypes of CS patients, which corroborates with current 
knowledge that CSB is not only involved in the TCR of oxidative DNA lesion repair 
(Hoeijmakers, 2001) but also in the repair of spontaneous oxidative lesions in non-
transcribed genes (Trapp et al., 2007) and BER (Stevnsner et al., 2008). 
 
Microarray was used to ascertain the gene expression profiles following 
treatment with a sub-lethal concentration of 40 µM H2O2.  In relevance to this work, 
we looked at select genes in three broad clusters: cell death, DNA damage-repair 
and cell cycle regulation (Table 36).  Here, we have shown that exposure to H2O2 in 
CSB-deficient cells resulted in the significant down-regulation of DNA damage repair 
genes including DNA polymerase complex genes POLE, POLE2, RFC3, RFC4 and 
RFC5, BER pathway gene LIG1, GG-NER-specific gene XPC and homologous repair 
genes EXO1, RAD51 and RAD54L.  BLM helicase and H2AFX were also down-
regulated in CS-B cells.  This is suggestive that the lack of a single functional repair 
protein in a particular repair pathway can interfere with the repair capacity of other 
pathways possibly because of crosstalk between repair pathways.  As H2O2 does not 
only inflict TCR or BER-type lesions, the mis-regulation of genes in other repair 
pathways could impair the rectification of other lesion types, which is apparent in our 
damage marker assays where CS-B fibroblasts exhibited significantly more damage 
than Normal cells. 
 
Unlike that of XP-A and XP-D fibroblasts (see Chapter 3 and 4), DNA 
checkpoint genes such as CHEK1 were not shown to be differentially regulated 
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possibly because TCR-deficient cells were previously shown to be proficient in 
checkpoint activation (Marini et al., 2006).  Also, the loss of CSB resulting in the 
down-regulation of BLM is of interest as BLM helicase has been found to play a role 
in telomere maintenance (Opresko et al., 2002).  Despite the perceived lack of DNA 
repair in CS-B cells, these cells were capable of up-regulation of GADD genes at the 
2-h time point.  Notably, genes associated with the polymerase complex were also 
down-regulated in Normal cells at the recovery time point, suggesting that H2O2 
treatment disrupts DNA replication associated with repair and physiological DNA 
replication regardless of the presence of functional CSB. 
 
Following 22 h recovery from H2O2 in fresh media, both Normal and CS-B 
fibroblasts exhibited up-regulation of pro-apoptotic genes DDIT3 and p53-dependent 
pro-apoptotic gene TP53I3.  In addition, the anti-apoptotic gene SPHK1 was down-
regulated in Normal cells and the anti-apoptotic gene Survivin was down-regulated to 
a larger extent in CS-B cells than Normal cells.  This indicates that both Normal and 
CS-B fibroblasts are predisposed to cell death when treated with 40 µM H2O2.  
Incidentally, such differential expression supports the cell viability in Normal cells 
(Figure 32).  Notably, apoptosis is a complex process and to ascertain why CS-B 
cells did not exhibit cell death despite these expression patterns requires more 
investigation that the scope of this study can provide.  Also, as numerous studies 
have demonstrated the susceptibility of CSB-deficient cells to oxidative stress-
induced cell death, it is possible that these cells may require a longer time before 
they exhibit cell death. 
 
Microarray reflected that many cycle genes were down-regulated 22 h after 
recovery from H2O2 treatment.  The down-regulation of pro-replicative genes CDT1, 
CDC45L, CDC14A and POLE, and E2F2 which is required for gene transcription for 
S phase entry indicates that 40 µM H2O2 is sufficient to interfere with DNA replication.  
Cyclins, cdks such as CDK2 and CDC2, CDC25 phosphatases required to activate 
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cdks, ubiquitin-associated genes CDC20 and UBE2C, and mitotic genes such as 
KNTC1, CDCA8, BUB1, BUB1B, KIF20B, PRC1 and AURKA were also significantly 
down-regulated.  These, together with the up-regulation of the negative regulator cdk 
inhibitor, CDKN1A/p21Cip1, in CS-B cells indicate that the lack of CSB results in cell 
cycle arrest after H2O2 treatment.  In support of our gene expression study, CSB is 
known to be involved in transcription.  Not surprisingly, defects in this gene resulting 
in its loss of function have been shown to alter gene expressions.  Some of these 
genes found were involved in DNA repair and cell cycle regulation (Kyng et al., 2003; 
Cleaver et al., 2007). 
 
In this study, we have shown that the loss of CSB increases susceptibility to 
H2O2-induced genotoxicity and compromises repair capacity.  Consistent with 
previous studies, we have also demonstrated that chronic oxidative stress 
accelerates premature senescence characteristics (Chen and Ames, 1994; von 
Zglinicki et al., 1995; von Zglinicki, 2002; Duan et al., 2005).  In addition, CS-B 
fibroblasts exhibit premature senescent features, whose manifestations were 
accelerated upon exposure to chronic oxidative stress.  Here we provide evidence 
that the symptoms of CS such as premature ageing resulting from the loss of 
regenerative capacity of organs and developmental delays may not only be due to 
apoptosis from transcription block (Mayne and Lehmann, 1982) or damage (Conforti 
et al., 2000), but very possibly from SIPS resulting from endogenous stress that 
leads to telomere loss and stochastic damage.  Interestingly, cells defective in CSB 
have demonstrated increase breaks in their DNA even when grown in ambient 
oxygen (Cleaver et al., 2007), suggesting that increasing their oxidative load may 
further augment the number of breaks.  These breaks may well be at the telomeres 
hence potentiating spontaneous telomere shortening as seen in this study.  Being a 
protein that bears the burden of multiple functions such as the TCR, BER, 
transcription and chromatin remodelling (Stevnsner et al., 2008), it is no surprise that 
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the loss of CSB function renders cells incapable of repair and transcription which 
ultimately incapacitates normal functioning of the cell leading to cell death or 
senescence.  Thus our study implicates a role of CSB in the repair of oxidative stress 





6.1 Comparing between the loss of XPA, XPD and CSB 
In the previous chapters, we have explored the effects of oxidative stress on 
cells lacking XPA, XPD and CSB.  Since similar experimental approaches were used 
for these cells but the results were presented in separate chapters, here we provide a 
summary and comparison of the results obtained in this study (Table 37). 
 
6.2 Limitations and future directions 
It is important to note that while our findings are significant in an in vitro 
setting, they may not be accurately and directly extrapolated to an in vivo situation; 
Even though we inflicted low-dose chronic oxidative stress on the cells, the actual 
levels and types of oxidative stresses that a cell is subjected to in an in vivo system 
cannot be mimicked exactly.  Also, different cell systems respond differently to 
oxidative stress.  While this problem can never be solved since experimental set-ups 
are merely empirical, we can get a clearer picture of how oxidative stress affects 
NER deficiency by using other types of oxidative stress inducers such as nitric oxide 
and other cell types such as stem cells.  Performing the study on cells grown with 
anti-oxidants or in low oxygen partial pressure would provide further clues to whether 
the NER is indeed involved in oxidative stress management and retardation of SIPS.  
Of course, the study will prove to be more clinically valuable if it was extended to an 
in vivo setting using NER knock-in/knock-out mouse models, a resource that we lack 
currently.   
In our study, we have shown that XPA-, XPD- and CSB-deficient cells were 
susceptible to spontaneous telomere loss and oxidative stress-induced SIPS.  
However, the molecular mechanisms of how these NER factors mitigate telomere 
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regulation and protect against oxidative stress-induced SIPS and genome instability 
were unfortunately not explored.  It is thus imperative to investigate the interactions 
of these NER factors with telomeres and/or telomeric proteins to elucidate how the 
NER is involved in telomere homeostasis and oxidative stress management at the 
genome level, and whether XPA, XPD and CSB mediate these processes in a 
common pathway or uniquely from each other.  
To test whether NER factors, like WRN and BLM helicases, directly or 
indirectly interact physically with the telomeres and telomeric proteins such as TRF2 
and POT1, chromatin immunoprecipitation can be used to uncover interactions with 
the telomeres and immunofluorescence and co-immunoprecipitation can be used to 
discover interactions with telomeric proteins.  Treating the cells with oxidizing agents 
and comparing the differences between the plausible interactions provide insight to 
how the NER factors may function under oxidative stress to protect the telomeres. 
Whether or not the NER only specifically repairs certain classes of oxidative 
lesions is not known.  While it has been shown that the BER may generate an 
intermediate substrate for which the TCR works on (Zhou and Doetsch, 1993; 
Bregeon et al., 2003), it is still unclear and not within the scope of this work to 
investigate whether it prefers to act alone or in concert with the BER.  As the 
investigation of the exact mechanisms of how the NER works following UV is still 
ongoing, it is yet to be found how this pathway works under oxidative stress.  DNA 
repair often operates with tight spatial and temporal co-ordination between factors.  
Thus it would be worthwhile to do real-time live imaging of the individual NER factors 
to ascertain how they interact with each other, BER proteins, telomeric proteins, 
other DNA damage factors or telomeres under oxidative stress. 
It is important to note that a lack of physical interaction does not necessarily 
rule out functional interactions and pathway cross talks that might involve the NER in 
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oxidative stress management at the genome and telomeres.  Of course, how the 
NER guards the genome against damage to prevent premature ageing and cancer 
may not be limited to its role in bulky adduct correction and its potential roles in 
telomere maintenance and oxidative repair.  Gene expression changes and growth 
factor signalling may also be involved.  Thus it would be noteworthy to suss out 
potential molecular pathways and genes affected from the lack of NER factors that 
may be responsible for the observed DNA damage retention and telomere loss.  
Looking into our microarray results in more detail may identify these candidate 
genes, which may potentially serve as biomarkers for predisposition to ageing and 
cancer in certain populations and may in the long run help in delay, prognosis, 





6.3  Final remarks 
It is established that the NER pathway functions to specifically eradicate bulky 
DNA lesions mainly induced by UV or tobacco smoke.  More recently, the NER has 
also been evidenced to have a role in the repair of oxidative DNA lesions.  However, 
exactly how it performs these roles is still not fully elucidated.   
Numerous DNA repair factors including the RecQ helicases BLM and WRN, 
as well as the NER factor XPF have been implicated in telomere dynamics (Opresko 
et al., 2002; Stavropoulos et al., 2002; Schawalder et al., 2003; Crabbe et al., 2004; 
Du et al., 2004; Opresko et al., 2005; Munoz et al., 2005; Lillard-Wetherell et al., 
2005; Eller et al., 2006).  In fact, TRF2, a telomeric protein, was postulated to have 
evolved from an ancient DNA repair protein (Wright and Shay, 2005).  Many 
syndromes associated with the loss of these DNA repair factors manifest numerous 
premature ageing features, increased risk in cancer and/or skin defects (Norgauer et 
al., 2003; McKinnon, 2004; Gorbunova et al., 2007; Schumacher et al., 2008; Garinis 
et al., 2008).  Incidentally, BLM and WRN have also been found to interact with TRF2 
(Opresko et al., 2002; Stavropoulos et al., 2002; Opresko et al., 2005).  However, the 
actual mechanisms by which telomere shortening triggers replicative senescence 
and the actual significance of short telomeres and cellular replication on ageing is still 
unknown.  In addition, up till now, there has been no comprehensive biochemical 
evidence that satisfactorily explains how the lack of NER, which is characterized to 
remove UV-induced adducts, result in some of the clinical manifestations of XP and 
CS.  Unrepaired oxidative lesions has been postulated to be a major culprit in 
causing XP and CS features such as premature ageing and cancer of internal organs 
which are unreached by sunlight, and developmental and neurological defects 
(Kuraoka et al., 2000; Brooks et al., 2000; Rapin et al., 2000; Kraemer et al., 2007).  
Indeed, exposure to genotoxins such as UV and arsenite results in the generation of 
ROS (Finkel and Holbrook, 2000), which is also produced endogenously.   
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The imperative need for the NER to impede cancer formation and prevent 
premature ageing drives us to investigate the potential involvement of NER in the 
repair of oxidative lesions induced by H2O2 and As3+ as well as its involvement in 
telomere dynamics.  Specifically, three proteins of interest XPA, XPD and CSB were 
chosen for our study.  We found that NER-deficient cells are more susceptible to 
oxidative stress-induced damage while less capable of repairing the incurred 
damage.  However, that some of these cells are less prone to oxidative stress-
induced cell death sets a stage for the accumulation of DNA lesions as seen in our 
results.  Over time, the increasingly unstable genome may predispose to cancer and 
enhanced telomere attrition, which is postulated to contribute to ageing phenotypes.  
Indeed we found that NER-deficient primary fibroblasts lose telomeric DNA 
spontaneously, hinting that the presence of these proteins are required for proper 
maintenance of the telomeres.  However, whether these proteins are required as a 
complete NER pathway per se or as individual factors that function separately from 
its role in the NER is not known.  Similar results yielded from XPA, XPD and CSB-
deficient fibroblasts suggest that the intact NER pathway may be important to upkeep 
telomere integrity and protect against oxidative damage to an extent.  Supporting this 
is a similar study carried out on XPB/ERCC3 by a colleague in the laboratory.  Lack 
of XPB has also been found to increase the susceptibility to oxidative stress-induced 
genome instability and telomere attrition (Ting et al., 2009). 
The changes in gene expression following treatment with H2O2 and As3+ in 
NER-deficient fibroblasts suggest that the NER interacts functionally with many other 
DNA repair pathways and lack of functional NER tampers with the molecular milieu 
resulting in increased DNA damage and cell cycle dysfunction. 
Although it is unlikely that the loss of NER is completely responsible for all 
ageing features seen in XP and CS patients, the prevalence of progeroid and cancer 
patients associated with DNA repair defects are evidence enough that the lack of 
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DNA repair is a major contributing factor to ageing and cancer (Kipling et al., 2004).  
In addition, our data suggests a role of the NER in oxidative damage-repair and 
telomere dynamics, providing insights to a link between the NER, oxidative damage, 
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